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ABSTRACT 


This  study  was  carried  out  to  provide  design  criteria  for  a  range 
and  angle  calibration  facility  to  be  built  in  the  vicinity  of  Rome  Air  Devel¬ 
opment  Center,  Rome,  New  York.  Sites  for  the  facility  are  recommended 
together  with  means  for  constructing  and  calibrating  the  range  and  angle 
standards.  Means  for  determining  the  refractive  index  of  the  atmosphere 
are  suggested  and  experiments  which  were  carried  out  on  the  Ohio  State 
baseline  at  Mansfield,  Ohio  are  described.  These  experiments  were  per¬ 
formed  to  test  the  techniques  for  determining  the  optical  refractive  index 
of  the  atmosphere  and  the  accuracy  of  a  Spectra  Physics  Model  3G  Geodolite 
and  an  AGA  Corporation  Model  4D  Geodimeter. 
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EVALUATION 


The  advent  of  the  laser  has  made  possible  a  capability  to  determine 
time  delay  or  distance  to  greater  precision  over  longer  ranges  than  is 
currently  possible  with  microwave  or  n on-coherent  optical  distance  measure¬ 
ment  equipment.  This  has  emphasized  the  need  for  adequate  standards  for 
calibration.  Principal  problems  facing  the  designer  of  an  adequate  calibra¬ 
tion  range  are  the  correlation  of  the  field  site  standard  of  length  with  the 
international  standard  of  length  and  the  correction  for  the  effects  of  the 
environment.  In  determining  the  technique  to  be  used  as  a  length  standard, 
two  constants  were  selected,  first  the  value  of  the  meter  of  1,650,763.73 
wavelengths  of  the  orange  red  line  of  Krypton  86  and  second,  the  constant 
for  velocity  of  light  in  a  vacuum  was  selected  to  be  2.997925  x  I01  meters/ 
sec.  Early  in  our  study  we  decided  that  the  key  instrument  in  our  calibration 
system  must  be  a  laser,  since  wavelengths  of  certain  lasers  can  be  compared 
with  Krypton  86 to  an  accuracy  of  at  least  one  part  in  108.  The  configuration 
of  the  laser  instrumentation  chosen  was  an  Interferometer  operating  over  25 
meters  with  initial  calibrations  being  done  in  a  vacuum.  Laboratory  measure¬ 
ments  were  performed  on  a  laser  Interferometer  of  this  type  indicating  that 
precision  measurement  of  2.5  microns  can  be  obtained.  Establishing  the  first 
25  to  30  meters  in  a  vacuum  will  eliminate  the  uncertainty  in  determining  the 
propagation  correction  and  assures  well  defined  interference  patterns.  The 
problem  of  refraction  correction  does  not  have  a  convenient  solution.  The 
standard  deviation  in  the  determination  of  N  is  about  .1  N  units  under  the 
best  of  circumstances.  No  economical  method  was  found  for  determining  and 
recording  temperature  with  the  response  time  desired.  Further  work  in  the 
area  of  temperature  determination  will  be  undertaken.  Considerable  time  was 
spent  In  site  selection  and  we  were  fortunate  in  finding  a  site  meeting  our 
requirements.  Additional  experiments  are  being  undertaken  at  the  proposed 
site  to  determine  the  characteristics  of  temperature  changes  with  a  view 
toward  verifying  the  utility  of  our  refraction  correction  procedures.  We 
were  extremely  fortunate  to  be  able  to  make  measurements  of  time  delay  on 
the  500  meter  calibration  line  at  Ohio  State  University.  These  tests  provided 
basic  data  to  verify  our  computer  program  for  refraction  correction  and  con¬ 
vinced  us  of  the  need  for  a  long  line  for  calibrating  laser  ranging  systems. 


DONALD  I.  ZULCH 
Project  Engineer 
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SECTION  I 


OBJECTIVES 


The  objective  of  the  work  described  in  this  report  is  to  provide 
requirement  criteria  for  the  design  and  construction  of  a  highly  accur¬ 
ate  range  and  angle  calibration  facility  in  the  vicinity  of  Griffiss  Air 

Force  Base,  Rome,  New  York.  The  range  shall  provide  the  capability 

*» 

of  evaluating  the  accuracy  and  stability  of  optical  and  microwave  metric 

measuring  equipment  under  various  atmospheric  conditions.  The 

7 

accuracy  of  length  calibration  shall  be  one  part  in  10  and  that  for 
angle  calibration  shall  be  +  0.2  arc  seconds. 


SECTION  II 


INTRODUCTION 

Until  relatively  recently,  most  distance  measurements  have 
been  made  using  calibrated  meter  sticks,  chains,  tapes  or  wires  and 
the  standard  for  such  measurements,  the  prototype  meter,  was  kept 
in  the  International  Bureau  of  Weights  and  Measures  in  Paris.  During 
the  last  twenty  years,  however,  technological  advances  have  changed 
this  situation  somewhat.  In  i960,  the  Eleventh  General  International 
Cohference  on  Weights  and  Measures  redefined  the  standard  meter  as 
1, 650,  763.  73  wavelengths,  in  a  vacuum,  of  the  orange-red  radiation 
of  Krypton  86  under  certain  conditions.  This  was  done  because  the 
former  international  standard,  being  a  metal  bar,  was  subject  to  small 
changes  in  length  with  changes  in  temperature  and  age.  The  Krypton  86 
radiation  should  theoretically  have  a  wavelength  which  will  not  be 
significantly  temperature  sensitive  or  change  with  the  passing  of  time. 
The  wavelength  is  also  relatively  insensitive  to  source  construction  and 
environment  and  therefore,  it  is  possible  to  build  highly  accurate 
laboratory  standards  at  reasonable  cost. 


About  forty  years  ago  Dr.  Y.  Vaisala,  Professor  of  Physics 
and  Astronomy  at  Turku  University  in  Finland,  invented  his  now 
famous  light  interference  comparator.  This  invention  represented  one 
of  man's  first  attempts  to  accurately  measure  distances  of  the  order  of 
one  kilometer  by  taking  advantage  of  electromagnetic  wave  propagation. 
Since  the  nineteen  forties,  several  other  instruments  have  been  developed, 
some  using  visible  radiation  and  others  operating  in  the  microwave 
region  of  the  spectrum.  The  Vaisala  Comparator  is  still  among  the 
most  accurate  devices  of  this  type  but  it  is  limited  to  maximum  distances 
of  approximately  one  kilometer.  It  also  is  not  a  portable  system  but 
rather  requires  that  a  series  of  stable  concrete  pillars  be  placed  along 
the  line  being  measured.  The  more  recently  developed  systems  are 
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mainly  portable  instruments  with  somewhat  less  inherent  accuracy 
than  the  Vaisala  equipment.  With  the 'advent  of  transistors,  integrated 
circuits  and  lasers  the  size,  weight  and  power  requirements  for  such 
instruments  have  continuously  decreased,  while  their  maximum  range 
of  operation  has  increased  to  the  point  where  it  is  now  claimed  that 
one  instrument  has  a  range  of  up  to  100  kilometers  under  proper 
atmospheric  conditions.  Such  a  measurement  can  be  made  electro- 
magnetically  in  a  small  fraction  of  the  time  that  would  be  required  if 
tapes  or  wires  were  used.  Electromagnetic  distance  measuring  instru¬ 
ments  also  have  another  advantage  over  the  older  tape,  wire  or  chain 
systems.  They  are  capable  of  measuring  across  water,  valleys  and 
other  places  where  taping  would  not  be  possible.  In  many  cases,  they 
are  more  accurate  and  considerable  work  is  presently  being  carried 
out  to  make  even  greater  accuracy  possible.  It  is  reasonable  to  expect 
that  in  the  future,  all  except  the  smallest  distance  measurement  jobs 
will  be  carried  out  using  electromagnetic  equipment. 

The  rapid  development  of  highly  accurate  electromagnetic 
distance  measuring  devices  has  resulted  in  a  need  for  a  facility  where 
such  devices  may  be  calibrated  and  their  limitations  and  characteristics 
studied.  It  was  to  meet  this  need  that  the  study  being  described  in  this 
report  was  initiated.  In  addition,  it  was  decided  that  the  facility  should 
have  the  capability  of  calibrating  angle  measuring  devices  and  the 
accuracy  requirements  in  both  cases  were  set  at  consistent  levels. 

During  the  early  phases  of  the  study,  considerable  effort  was 
directed  toward  ascertaining  just  what  characteristics  the  facility 
ought  to  have.  The  present  and  future  state-of-the-art  for  electromag¬ 
netic  distance  and  angle  measuring  equipment  was  surveyed.  It  was 
found  that  relatively  few  new  angle  measuring  devices  are  being  devel¬ 
oped  and  that  a  range  satisfying  the  contract  angular  accuracy  require¬ 
ments  will  be  more  than  adequate  for  their  calibration.  Furthermore, 


it  was  found  that  existing  optical  equipment  is  sufficiently  accurate  to 
calibrate  the  angle  range  at  the  facility. 

In  contrast,  the  study  revealed  that  there  are  several  new  types 
of  distance  measuring  devices  under  development  and  that  some  of 
these  are  expected  to  require  a  calibration  range  with  an  accuracy 
equal  to  the  specifications  listed  in  the  contract  requirements.  It  was 
also  found  that  while  means  for  calibrating  the  distance  standard  at 
the  facility  with  this  accuracy,  are  presently  available,  new  techniques 
are  possible  which  show  promise  of  producing  even  better  results. 

The  study  therefore  consisted  of  three  principle  parts.  First, 
the  physical  form  of  the  calibration  facility  was  determined  together 
with  means  for  calibrating  the  basic  standards  of  length  and  angle. 
Sections  IV  and  V  cover  this  aspect  of  the  work. 

Secondly,  it  was  found  that  the  average  refractive  index  of  the 
atmosphere  must  be  determined  accurately  along  the  ray  paths  of  the 
devices  being  used  at  the  facility.  Appendix  B  presents  techniques  for 
determining  this  average  index  and  Section  VII  contains  the  results  of 
some  associated  experiments. 

The  third  part  of  the  study  involved  finding  a  site  for  the  pro¬ 
posed  facilities.  This  effort  is  described  in  Section  VI  and  Appendix 
A. 
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SECTION  III 


APPROACH 

This  study  was  begun  with  a  survey  of  existing  literature  to  bring 
the  personnel  up-to-date  on  the  "state-of-the-art"  for  distance  and  angle 
measuring  equipment.  This  phase  of  the  work  was  followed  by  visits  to 
several  laboratories,  government  agencies  and  Ohio  State  University.  The 
purpose  of  these  visits  was  to  collect  information  on  the  current  thinking 
of  many  people  specializing  in  the  field  relative  to  several  important  ques¬ 
tions.  In  addition,  data  was  obtained  on  the  performance  of  equipment  under 
development  together  with  predictions  of  what  sort  of  characteristics  the 
next  generation  of  these  devices  would  be  likely  to  possess.  This  informa¬ 
tion  was  used  to  develop  additional  facility  requirements  and  to  pinpoint 
those  areas  in  which  the  greatest  effort  would  be  needed. 

It  was  found  that  there  seemed  to  be  relatively  little  interest  in  an  angl 
calibrating  facility  possessing  the  accuracy  required  by  the  study.  Only  one 
new  angle  measuring  device  was  found  to  be  under  development  and  it,  being 
a  microwave  system,  was  considerably  less  accurate  than  the  facility  speci¬ 
fication.  In  contrast,  several  new  distance  measuring  devices  were  found. 
Those  which  were  expected  to  provide  the  greatest  accuracy  operated  at  op¬ 
tical  wavelengths  and  two  used  laser  sources.  On  the  basis  of  the  expected 
performance  characteristics  of  these  devices,  together  with  those  of  existing 
equipment,  additional  requirements  for  the  length  measuring  part  of  the  faci¬ 
lity  were  developed  and  the  study  proceeded  to  the  task  of  deciding  how  and 
where  the  calibration  facility  should  be  constructed.  The  results  of  this 
effort  are  presented  in  the  next  three  sections. 


During  the  course  of  the  study,  a  number  of  ideas  and  techniques 
were  developed  for  which  experimental  verification  was  highly  desir¬ 
able.  An  experimental  aspect  was  therefore  added  to  the  project.  These 
experiments,  together  with  the  results  which  they  have  provided  are 
described  in  Sections  IV  and  VII. 


SECTION  IV 


RANGE  CALIBRATION  FACILITY 


I.  GENERAL 

This  aspect  of  the  study  program  has  received  the  most  attention 

and  shows  promise  of  producing  the  most  useful  results.  It  has  been  found 

that  there  is  considerable  interest  among  people  working  in  the  fields  of 

geology,  surveying  and  electromagnetic  propagation  in  the  establishment 

of  a  relatively  long  baseline  whose  length  is  known  with  a  probable  error 

7 

of  not  more  than  one  part  in  10  .  Such  a  line  could  be  used  for  equipment 
calibration,  propagation  studies  and  atmospheric  studies. 

Although  the  contract  requirements  mentioned  a  baseline  of  800 
meters  in  length,  the  study  has  shown  that  a  baseline  of  4000  meters  would 
be  considerably  more  useful.  This  length  has  therefore  been  adopted  as 
an  important  facility  requirement  and  prospective  sites  were  not  consid¬ 
ered  completely  adequate  unless  they  were  capable  of  accomadating  a  line 
of  this  length.  There  are  two  reasons  for  increasing  the  required  length. 
First,  the  dual  wavelength  distance  measuring  equipment  currently  under 
development  is  expected  to  require  a  distance  of  at  least  2000  meters  for 
calibration.  Since  this  is  a  theoretical  estimate,  a  considerable  safety 
margin  should  be  included  in  the  specification  of  a  baseline  which  will  be 
used  to  calibrate  such  devices.  Secondly,  existing  equipment  like  the 
Spectra-Physics  Geodolite  has  a  resolution  rating  of  one  millimeter  or 
one  part  in  10 ^  whichever  is  greater.  If  such  an  instrument  is  to  be  cali¬ 
brated  to  convert  the  resolution  rating  into  an  accuracy  rating,  then  a 
distance  of  more  than  one  kilometer  will  be  needed  so  that  the  one  part 
in  10 ^  limit  prevails.  Since  it  is  anticipated  that  more  accurate  equip¬ 
ment  of  this  type  may  be  developed  in  the  future  the  baseline  should  be  sig¬ 
nificantly  longer  than  one  kilometer.  Also,  the  widely  used  model  2A 
Geodimeter  requires  a  distance  of  at  least  3.  2  kilometers  for  adequate 
calibration.  It  is  entirely  possible  that,  the  initial  baseline  length  may  be 
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only  one  kilometer  in  length,  but  its  design  should  be  such  that  it  can  be  easily 
extended  to  the  four  kilometer  length  at  a  later  time. 

One  of  the  most  important  aspects  of  the  study  was  that  of  determin- 
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ing  how  the  baseline  could  be  calibrated  with  an  accuracy  of  one  part  in  10 
without  resorting  to  prohibitively  expensive  techniques.  Whenever  calibra¬ 
tion  of  an  accurate  baseline  is  considered,  the  Vaisala  light  interference 
technique  immediately  should  come  to  mind  since  every  highly  accurate, 
out-of-doors  standard  baseline  in  the  world  has  been  calibrated  using  this 
technique.  The  technique  was  carefully  examined  and  a  baseline  measure¬ 
ment  method  utilizing  it  was  developed.  In  addition,  a  modified  form  of  the 
technique  was  devised  to  serve  as  a  means  for  obtaining  even  higher  accuracy 
in  the  measurement  of  standard  baselines. 

Whenever  electromagnetic  distance  measuring  techniques  are  con¬ 
sidered,  two  physical  constants  assume  considerable  importance.  The  first 
is  the  value  of  the  meter  which  has  been  internationally  defined  as  1,  650, 

763.  73  wavelengths  of  the  orange- red  line  of  Krypton  86  in  a  vacuum.  The 
wavelength  of  this  radiation  is  therefore  0.  6057802  microns.  The  second 
constant  is  the  velocity  of  light  in  a  vacuum.  For  the  purposes  of  this  study, 

the  value  adopted  as  the  international  standard  for  geodetic  work  will  be 
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used.  It  is  2.  997925  x  10  meters/  sec.  (1) 

Another  important  parameter  inmost  electromagnetic  distance  mea¬ 
suring  systems  is  the  average  refractive  index  along  the  ray  path.  All 
such  systems  utilize  the  propagation  of  electromagnetic  waves  and  most  of 
them  operate  in  such  a  way  that  the  propagation  time  is  actually  measured. 
This  time  can  be  determined  with  very  high  accuracy  but  to  convert  the 
result  into  distance,  the  propagation  velocity  must  be  known.  It  is  the 
error  in  the  knowledge  of  this  velocity  that  provides  the  principal  limita¬ 
tion  on  the  accuracy  of  such  equipment.  In  most  cases,  the  velocity  of 
propagation  is  not  constant  but  instead  varies  along  the  ray  path.  The 
relationship  between  distance  and  time  therefore  involves  the  average 
velocity  of  propagation  and  may  be  expressed  as: 
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D  =  v  T 


(4-1) 


where  D  =  the  distance  being  measured 

v  =  the  average  velocity  of  propagation  along  the  ray  path 
T  =  the  time  required  for  the  wave  to  travel  the  distance  D 

The  average  velocity  of  propagation  can  be  expressed  as: 


n 


where  c  =  the  velocity  of  propagation  in  a  vacuum 

n  =  the  average  refractive  index  with  respect  to 
distance  along  the  ray  path 

At  present,  c  is  known  to  a  little  better  than  one  part  in  10^  and 
there  are  indications  that  this  may  be  improved  by  an  order  of  magnitude 
in  the  not  too  distant  future.  This  leaves  the  knowledge  of  the  average  index 
of  refraction,  n,  as  the  principle  source  of  error  in  many  distance  measur¬ 
ing  systems.  A  number  of  means  for  determining  the  quantity  are  avail¬ 
able  and  a  detailed  study  of  the  present  state  of  the  art  has  been  carried 
out.  The  results  of  this  study  are  reported  in  Appendix  B  where  specific 
means  for  determining  the  average  index  along  the  baseline  are  recommended. 

2.  RANGE  CONFIGURATION 

The  recommended  range  configuration  is  shown  in  Figure  4-1  where 
it  will  be  noticed  that  pillars  are  located  at  0,  5,  25,  125,  250,  500,  1000, 

1500,  2000,  3000,  and  4000  meters.  The  recommended  location  of  this 
baseline  at  the  Chase  Lake  s.te  is  shown  in  Figure  6-4.  Chapter  6  also  con¬ 
tains  a  discussion  of  the  sort  of  environment  which  must  exist  around  the 
baseline  so  that  optimum  atmospheric  conditions  may  be  obtained.  In  Fig¬ 
ure  4-1,  the  dashed  lines  enclose  the  area  over  which  radiation  from  a 
microwave  device  with  a  6°  beamwidth  would  pass.  It  is  recommended  that 
trees  and  bushes  be  removed  from  the  site  if  they  lie  within  this  region,  or 
are  within  25  meters  of  the  baseline.  If  it  should  be  decided  that  only  visi- 
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Figure  4-1  Baseline  Pillar  Layou 


ble  wavelength  devices  are  to  be  used  on  the  range,  then  a  50  meter  corri¬ 
dor  is  all  that  needs  to  be  cleared  along  the  baseline. 

The  pillar  structures  along  the  baseline  will  take  three  different 
forms.  That  at  the  zero  position  will  be  the  most  elaborate  while  those  at 
5,  25,  and  125  meters  will  be  the  simplest.  Each  of  these  structure  types 
is  described  below. 

a.  Pillar-Monument  Structures 

The  structures  to  be  constructed  along  the  baseline  will  hold  the 
metal  pieces  upon  which  the  terminal  points  of  the  various  calibrated  lengths 
are  inscribed.  The  largest  structure  is  shown  in  Figure  4-2,  and  will  be 
located  at  the  zero  meter  end  of  the  baseline.  It  will  consist  of  two  above- 
the-ground  pillars,  an  underground  monument  and  a  surrounding  wooden 
platform.  The  top  surface  of  the  pillars  will  be  approximately  1.  5  meters 
above  the  ground  and  their  bases  will  extend  beneath  the  surface  far  enough 
to  be  well  below  the  frost  line.  Surrounding  the  pillars  will  be  a  wooden 
platform  whose  upper  surface  is  approximately  0.  5  meters  above  the  ground. 
This  platform  will  have  concrete  footings  as  shown  in  the  figure  and  should 
have  a  protecting  canopy  of  the  form  shown  in  Figure  7-2.  Below  the  zero 
meter  pillar  will  be  located  a  cylindrical  concrete  reference  monument 
which  is  attached  to  thi*ee  piles.  The  top  of  the  cylinder  should  be  approx¬ 
imately  0.  75  meters  below  the  surface  of  the  earth.  The  monument  con¬ 
stitutes  a  very  stable  underground  reference  structure.  The  pillar  is  less 
stable  and  serves  as  a  table  upon  which  calibration  and  measurement 
equipment  may  be  placed.  The  wooden  platform,  which  is  not  attached 
to  either  the  monument  or  the  pillar,  is  for  the  range  personnel  to  walk  on. 

The  pillar-monument  arrangement  for  the  250,  500,  1000,  1500, 

2000,  3000  and  4000  meter  positions  is  shown  in  Figure  4-3.  The  under¬ 
ground  monument  is  similar  to  that  described  for  the  zero  meter  position. 

At  the  5,  25,  and  125  meter  positions  no  underground  monument  is  required 
and  only  the  pillar  and  platform  section  of  the  configuration  shown  in 
Figure  4-3  need  be  built. 
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PILLAR 


Figure 


The  construction  of  a  monument  is  begun  by  drilling  a  1.  5  meter 
diameter  hole  in  the  ground  and  then  placing  concrete  rings,  1.  5  meters 
in  diameter,  in  it.  The  piles  are  then  driven,  after  which  the  rings  are 
filled  with  concrete.  In  this  way  there  is  a  minimum  of  soil  disturbance 
during  construction.  The  pillar -monument  configurations  recommended 
here  were  obtained  from  the  book  "Standard  Base  Loenermark"(2)  which 
contains  an  excellent  description  of  important  construction  procedures  and 
precautions.  The  top  of  each  monument  contains  a  brass  reference  bolt 
upon  which  the  reference  point  is  marked.  Above  the  monument  there  is 
an  upper  and  lower  cellar  and  the  pillar.  None  of  these  structures  are  in 
physical  contact  with  the  monument,  and  therefore  any  movement  of  these 
structures,  and  there  may  be  some,  is  not  transferred  to  the  monument. 

At  the  time  of  calibration  the  baseline  length  is  measured  between 
reference  marks  on  the  tops  of  the  pillars.  The  locations  of  these  marks 
are  then  projected  downward  through  the  holes  in  the  pillars  to  the  refer¬ 
ence  bolts.  Periodically  after  this,  the  positions  of  the  reference  marks  on 
the  pillars  are  compared  with  those  on  the  reference  bolts  so  that  the  values 
of  the  various  calibrated  lengths  can  be  adjusted  to  remove  the  effects  of 
pillar  movement.  It  has  been  found  that  for  reasonably  good  soil  conditions, 
underground  monuments  constructed  in  the  manner  suggested  here  require 
recalibration  only  every  three  years. 

Normal  practice  dictates  that  the  concrete  for  the  monuments  and 
pillars  be  poured  and  then  at  least  six  months  be  allowed  to  pass  before 
calibration  is  begun.  At  the  time  of  calibration,  the  monument  brass  bolts 
should  be  attached  and  the  concrete  contained  in  the  upper  five  inches  of 
the  pillars  poured.  This  surface  layer  will  contain  all  of  the  desired  mount¬ 
ing  bolts  and  brackets.  The  upper  surfaces  of  the  pillars  are  made  to  lie  in 
the  same  plane  with  their  center  lines  collinear. 

Each  pillar  should  have  a  removable  cover  which  will  protect  any 
equipment  attached  to  it  when  the  range  is  not  in  use.  Each  of  the  mon¬ 
ument  cellars  also  has  a  cover  with  that  covering  the  upper  cellar  forming 
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part  of  the  wooden  platform.  It  is  recommended  that  the  above-the- ground 
surface  of  the  pillars  bo  covered  with  styrofoam  sheets  or  other  insulation. 
This  material  will  prevent  the  massive  concrete  structures  from  absorbing 
large  amounts  of  heat  during  a  hot  day  and  then  reradiating  it  at  night. 

Such  reradiation  cannot  be  tolerated  because  it  causes  severe  local  ano¬ 
malies  in  the  refractive  index  of  the  atmosphere  along  the  baseline. 

3.  BASELINE  INSTRUMENTATION 


Whenever  electromagnetic  equipment  is  operated  on  the  baseline, 
the  average  refractive  index  of  the  atmosphere  along  the  ray  path  must  be 
known.  This  average  will  be  obtained  by  combining  sample  values  of  the 
index  which  have  been  obtained  at  many  points.  These  values  will  be  cal¬ 
culated  using  the  technique  suggested  in  Appendix  B,  and  this  requires  that 
the  air  temperature,  total  pressure  and  water  vapor  pressure  be  deter¬ 
mined  at  each  sample  point.  The  minimum  number  of  sample  points  that 
will  be  required  is  difficult  to  predict  because  data  taken  at  other  sites 
cannot  be  depended  upon  to  be  meaningful  for  the  Chase  Lake  site.  It  is 
therefore  recommended  that  experimental  tests,  similar  to  those  recently 
carried  out  at  Mansfield,  Ohio  and  reported  in  Section  VII,  be  carried  out 
at  the  proposed  site  before  the  baseline  is  constructed.  The  results  of 
these  tests  will  indicate  the  sort  of  sampling  required  along  the  baseline. 

It  is  the  opinion  of  this  author  that  the  spacing  of  such  samples  at  Chase 
Lake  may  be  greater  than  that  necessary  at  Mansfield  for  equivalent  accur¬ 
acy.  This  should  result  because  the  environment  around  the  baseline  at 
Chase  Lake  should  be  considerably  more  homogeneous  and  stable  than  that 
at  Mansfield.  For  the  purposes  of  this  section  however,  it  is  assumed  that 
the  Chase  Lake  sampling  intervals  will  be  equal  to  those  which  the  exper¬ 
imental  data  taken  at  Mansfield  indicated  would  be  required  there. 

At  this  point  it  should  be  mentioned  that  the  average  refractive 
index  along  the  baseline  can  be  obtained  with  considerably  higher  accuracy 
at  optical  wavelengths  than  in  the  microwave  region.  This  occurs  be¬ 
cause  means  for  determining  the  water  vapor  pressure  of  the  atmosphere 
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with  high  accuracy  do  not  exist.  At  optical  wavelengths  this  presents  no 
problem  because  the  index  is  relatively  insensitive  to  the  water  vapor  con¬ 
tent  of  the  atmosphere.  At  microwave  frequencies,  however,  the  water 
vapor  effect  dominates  all  others  and  therefore  the  index  cannot  be  deter¬ 
mined  with  high  accuracy.  The  study  being  reported  here  has  produced 

the  conclusion  that  it  is  feasible  to  construct  a  baseline  where  the  average  op- 
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tical  refractive  index  is  known  with  a  probable  error  of  one  part  in  10  ,  but 
that  at  microwave  frequencies  the  error  will,  at  best,  probably  be  about 
two  parts  in  10^.  Thi6  larger  error  is  due  almost  entirely  to  the  water  vapor 
effect. 


When  normal  variations  in  air  temperature,  total  pressure,  and 
water  vapor  pressure  are  considered  together  with  their  effect  on  the  op¬ 
tical  refractive  index,  it  is  found  that  the  maximum  allowable  distance  be¬ 
tween  sample  points  is  determined  by  the  variation  of  temperature  along  the 
baseline.  That  is,  temperature  must  be  sampled  much  more  frequently  with 
respect  to  time  and  space  than  either  of  the  other  properties.  In  normal 
practice  the  temperature  is  measured  at  each  sample  point  while  the  other 
two  properties  are  measured  only  at  a  few,  widely  spaced,  sample  points. 
The  effective  values  of  these  properties  at  all  other  sample  points  are  ob¬ 
tained  by  interpolation. 

It  can  be  shown  that  if  temperature,  total  air  pressure  and  water 
vapor  pressure  are  determined  with  errors  whose  standard  deviations  are 
given  by: 


°t  =  0.05‘C 

0L  =  0. 10  mm  of  H 
P  g 

O’  =  1.  0  mm  of  H 
e  g 

the  standard  deviation  of  the  corresponding  error  in  the  refractive  index  is 

•  6  -8 

0.0806  x  10"  .  This  corresponds  to  a  probable  error  of  5.  44  x  10  which 
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provides  a  margin  of  safety  in  meeting  the  one  part  in  10  accuracy  require¬ 
ment  of  the  contract.  Instruments  capable  of  providing  this  level  of  ac- 
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curacy  are  available  and  particular  devices  will  be  specified  in  the  following 
sections. 


a.  Temperature  Measuring  System 

On  the  basis  of  the  Mansfield  data  it  is  suggested  that  th‘e  maximum 
distance  between  temperature  samples  be  100  meters.  The  most  common 
technique  for  measuring  atmospheric  temperature  along  a  baseline  consists 
of  using  mercury  thermometers  and  having  observers  walk  back  and  forth 
recording  their  indications.  This  is  feasible  for  a  500  meter  line  of  the 
type  constructed  at  Mansfield  but  for  a  four  kilometer  line,  this  method  would 
require  too  many  people  and  too  much  walking.  It  is  therefore  suggested  that 
an  automated  temperature  measuring  technique  be  used  and  a  Hewlett  Packard 
quartz  thermometer  system  together  with  other  control,  indicating  and  re¬ 
cording  equipment  is  recommended.  Such  a  system  will  be  quite  expensive, 
but  there  is  no  low  cost  way  of  obtaining  the  necessary  data.  The  layout  of 
the  system  is  shown  in  Figure  4-4  where  each  model  2850  temperature 
sensing  probe  has  a  model  2830  A  temperature  sensor  oscillator  associated 
with  it.  Probes  located  at  0,  100.  .  .1500  meters  are  connected  through  coaxial 
switches  and  a  single  coaxial  cable  back  to  a  model  2801  A  quartz  thermo¬ 
meter  located  in  a  building  near  the  zero  meter  end  of  the  line.  The  switches 
are  single  pole,  double  throw  types  whose  normal  position  is  such  that  the 
coaxial  line  along  the  baseline  is  continuous.  During  system  operation,  d-c 
pulses  are  applied  to  the  various  switches  in  a  sequential  manner.  When  a 
given  switch  is  energized  it  connects  the  sensor  assembly  associated  with 
it  to  the  coaxial  line  for  a  period  which  may  be  adjusted  between  1.  2  and 
2.  2  seconds.  The  first  second  will  be  needed  for  the  sensor  crystal  to 
reach  self-heating  equilibrium  and  the  temperature  measurement  should 
therefore  be  made  after  this  period  has  elapsed.  The  switches  could  be 
Amphenol  type  DK-315  010002-3  or  equivalent. 

When  the  sensors  are  not  connected  to  the  coaxial  line,  they  are 
not  energized.  This  is  important  because  an  energized  sensor  tends  to 
heat  the  air  around  it  slightly  and  if  the  air  is  not  moving,  the  thermometer 
will  not  give  an  accurate  indication  of  the  air  temperature  in  the  larger  region 
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Figure  4-4  Baseline  Thermometer  System 


around  the  probe.  It  will  instead  indicate  the  temperature  of  the  small 
volume  of  heated  air  close  to  the  sensing  element.  This  problem  is  of 
enough  significance  that  Hewlett-Packard  recommends  that  the  equipment 
should  be  used  to  sense  the  temperature  of  a  gaseous  medium  "only  after 
the  thermodynamics  of  heat  transfer  for  a  particular  application  are  inves¬ 
tigated,  "  This  should  be  done  for  the  baseline  application  but  it  is  expec¬ 
ted  that  since  the  sensor  is  energized  only  a  small  part  of  the  time,  no 
significant  system  limitation  will  occur. 

The  temperature  sensing  probes  at  1600,  1700,  .  .  .  3900  and  4000 
meters  will  be  connected  to  a  similar  system  which  has  its  model  2801  A  unit 
located  in  an  enclosure  2750  meters  down  the  baseline  from  the  zero  meter 
point.  The  output  of  this  unit  is  transmitted  to  the  zero  meter  point  where 
it  is  combined  with  that  from  the  model  2801  A  unit  located  there.  This  ar¬ 
rangement  is  necessary  because  with  existing  amplifiers,  the  maximum  allow¬ 
able  distance  between  a  temperature  probe  and  the  Model  2801  A  unit  is 
approximately  1600  meters.  It  should  be  mentioned  that  if  amplifiers  can  be 
developed  which  make  it  possible  to  use  2000  meters  of  connecting  cable 
(including  the  effects  of  the  switches),  then  a  single  model  2801  A  unit  located 
at  the  2000  meter  point  could  be  used. 

The  temperature  sensors  are  connected  to  the  thermometers  by  RG 
59/U  cable,  or  the  equivalent.  When  the  length  of  this  cable  exceeds  300 
meters,  an  H-P  Model  2831A  oscillator  amplifier  must  be  used  to  com¬ 
pensate  for  line  losses.  If  the  distance  exceeds  1000  meters,  two  ampli¬ 
fiers  in  cascade  must  be  used.  The  locations  of  three  such  amplifiers  are 
shown  in  Figure  4-4. 

The  coaxial  switches  are  controlled  from  the  zero  meter  end  of  the 
baseline  in  such  a  way  that  only  one  temperature  sensing  probe  is  being 
operated  at  any  given  instant  of  time.  It  is  recommended  that  a  special  pur¬ 
pose  controller  be  constructed  for  this  purpose.  This  equipment  should 
have  the  ability  to  select  any  given  therometer  on  command  or  to  scan  down 
the  line  a  single  time  or  continuously.  It  will  also  control  the  operation  of 


the  other  instrumentation  shown  in  Figure  4-5.  From  the  figure,  it  is 
seen  that  the  system  contains  an  H-P  model  5  62A  digital  recorder  with  a 
digital  clock.  During  the  first  second  of  each  temperature  sens  ng  interval, 
the  controller  should  cause  the  temperature  sensor  number  and  the  time 
to  be  recorded.  After  the  first  second  has  elapsed,  a  read  command 
should  be  applied  to  the  thermometer.  The  length  of  the  reading  period  which 
follows  is  determined  by  the  resolution  selected  using  the  pushbuttons  on  the 
front  of  the  quartz  thermometer.  If  a  resolution  of  0.01  degrees  is  desired, 
then  the  thermometer  must  measure  for  0.  1  seconds.  If  a  resolution  0.  001 
is  desired,  then  the  interval  will  be  one  second.  The  instrument  can  also 
provide  a  resolution  of  0.  001  degrees  but  this  requires  ten  seconds  which 
may  be  too  long  if  a  relatively  rapid  scan  of  41  probes  is  desired.  At  the 
end  of  each  measurement  interval,  the  temperature  is  automatically  displayed 
on  the  digital  read-outs  and  printed  by  the  recorder.  It  is  suggested  that 
most  of  the  equipment  shown  in  Figure  4-5  be  located  in  an  electronic  equip¬ 
ment  building  which  is  sufficiently  far  from  the  baseline  that  it  does  not 
influence  the  atmospheric  conditions  along  the  line.  The  remote  console 
and  digital  read  out  should  be  located  under  the  canopy  at  the  zero  meter  end  of 
the  baseline,  however.  In  the  future  it  may  turn  out  that  other  recording  de¬ 
vices  will  be  required.  The  system  suggested  here  can  be  expanded  to  include 
equipment  which  records  on  punched  tape,  punched  cards  or  magnetic  tape 
as  desired. 

The  Hewlett-Packard  temperature  measuring  system  has  a  multi¬ 
tude  of  available  probe  shapes  and  sizes  and  no  recommendation  is  made 
as  to  the  particular  unit  to  be  used  on  the  range.  Instead,  it  is  suggested  that 
several  of  the  most  promising  shapes  be  experimentally  tested  in  a  controlled 
atmosphere  to  determine  which  is  best  for  the  baseline  application.  The 
Mansfield  baseline  uses  thermometer  mounts  which  consist  of  two  aluminum 
disks  approximately  ten  inches  in  diameter.  These  disks  are  supported  in 
a  horizontal  position  about  three  inches  apart,  and  the  temperature  sensing 
element  is  placed  in  the  center  of  the  region  between  them.  The  supports  are 
made  from  1"  x  2"  strips  of  wood.  It  seems  that  a  similar  disk  arrange¬ 
ment  would  be  best  for  the  RADC  baseline  with  the  thermometers  replaced 
by  the  appropriate  probes.  It  is  possible,  however,  that  the  probe-disc 
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Figure  4-5  Temperature  Measuring  and  Recording  Instrumentation 


configuration  could  produce  significant  un-wanted  reflections  when  micro- 
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wave  devices  are  being  used  on  the  range.  In  such  a  case,  it  might  be 
necessary  to  remove  the  disks  and  perhaps  some  of  the  probes.  This 
will  not  be  too  serious  however,  because  as  mentioned  earlier,  it  will 
not  be  possible  to  determine  the  refractive  index  with  high  accuracy  at 
microwave  frequencies  anyway.  The  Mansfield  data  indicates  that  if 
errors  of  one  N  unit  can  be  tolerated,  then  therometer  spacings  of  up  to 
300  meters  can  be  used.  Since  the  water  vapor  effect  will  probably  produce 
errors  of  even  greater  magnitude  the  removal  of  the  disks  and  some  of  the 
probes  would  be  a  reasonable  step  to  take. 

It  may  be  desirable  to  have  a  special  calibration  of  each  probe  carried 
out  for  the  temperature  region  from  -30®  to  +  40 °C.  In  addition  periodic 
recalibration  of  the  sensors  along  the  line  will  be  required.  This  can  be 
done  by  comparing  the  readings  provided  by  the  sensor  with  the  readings 
a  standard  mercury  thermometer  which  has  been  calibrated  at  NBS.  This 
calibration  should  be  carried  out  with  the  sensor  in  place  along  the  baseline 
when  the  atmospheric  conditions  are  as  close  to  ideal  as  possible. 

In  this  section  a  system  for  determining  the  temperature  of  the 
atmosphere  at  41  points  along  a  4  kilometer  baseline  has  been  described. 

A  quartz  thermometer  system  has  been  suggested  because  this  type  of 
device  converts  the  temperature  into  an  equivalent  radio  frequency  for 
transmission  to  a  central  point.  Such  a  system  is  not  affected  by  noise  or 
lead  resistance,  both  of  which  cause  problems  when  temperature  is  mea¬ 
sured  at  a  great  distance  using  most  other  techniques.  The  temperature 

will  be  measured  to  within  0.  05  degrees  centigrade  and  this  is  adequate  to 
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determine  the  group  refractive  index  to  within  one  part  in  10  . 

b.  Air  Pressure  Measurements 

To  obtain  the  desired  accuracy  in  the  determination  of  the  re¬ 
fractive  index,  air  pressure  must  be  measured  with  an  error  whose 
standard  deviation  is  0. 1  millimeters  of  mercury.  A  survey  of  the  var- 
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ious  techniques  and  equipment  available  for  making  this  measurement  has 
resulted  in  the  conclusion  that  there  are  no  devices  capable  of  this  sort  of 
accuracy  which  can  be  read  remotely.  The  most  accurate  device  commer¬ 
cially  available  for  measuring  pressure  is  the  Wallace  and  Tiernan  Model 
FA-187  Precision  Calibrating  Standard  Mercury  Manometer.  This  device 
has  a  guaranteed  accuracy  of  0.  02%  of  full  scale.  If  the  800  millinqeter 
scale  is  used,  this  corresponds  to  an  accuracy  of  +_  0.16  mm  of  Hg.  Since 
this  is  a  guaranteed  value,  it  is  reasonable  to  assume  that  the  standard 
deviation  of  the  error  is  probably  less  than  0.1  mm.  One  of  the  difficulties 
with  this  instrument  is  that  the  calibration  is  accurate  only  for  the  temper¬ 
ature  range  from  15°  to  45°  C.  Since  some  operation  of  the  facility  at  tem¬ 
peratures  below  this  range  is  anticipated,  it  is  recommended  that  the  instru¬ 
ment  be  specially  calibrated  for  use  down  to  at  least  0°  C.  If  this  cannot  be 
done  then  a  special  temperature  controlled  enclosure  must  be  provided  for 
each  of  the  manometers.  The  indication  of  the  device  must  be  read  by  an 
observer  since  no  automatic  reading  and  recording  and  recording  technique 
is  available.  This  is  not  a  serious  limitation,  however,  since  it  seems  that 
only  two.  or  three  air  pressure  measurements  must  be  made  along  the  base¬ 
line.  The  instruments  should  be  located  at  the  zero  meter  and  4000  meter 
points  along  the  baseline  and  perhaps  at  the  2000  meter  position  also.  Mea¬ 
surements  should  be  made  at  the  site  to  determine  what  sort  of  pressure 
variations  exist  along  the  line  during  periods  of  favorable  atmospheric  con¬ 
ditions.  This  data  can  then  be  used  as  a  basis  for  determining  the  appro¬ 
priate  manometer  spacing. 

At  Mansfield,  air  presssure  was  measured  at  each  end  of  the  line  and 
the  magnitude  of  this  quantity  varied  very  little  from  one  observation  to  the 
next.  There  was  a  difference  however,  between  the  values  measured  at  the 
two  ends  of  the  line  with  the  pressure  in  the  vicinity  of  the  zero  meter  pillar 
being  about  0.  3  mb  lower  than  that  near  the  500  meter  pillar.  This  is  to  be 
expected  since  the  baseline  has  a  slight  downward  slope.  At  Chase  Lake 
there  will  probably  be  very  little  slope,  if  any,  and  therefore  the  air 
pressure  along  the  line  will  probably  be  more  nearly  constant.  The  pres¬ 
sure  measurements  which  are  made  at  a  few  sample  points  along  the  base¬ 
line  can  be  used  to  determine  the  pressure  at  other  points  through  interpo¬ 
lation. 
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Like  all  the  other  instruments  on  the  range,  the  manometers  must 
be  periodically  recalibrated.  This  is  easily  done  using  a  standard  bar 
which  is  provided  by  the  manufacturer.  The  length  of  this  bar  is  trace¬ 
able  to  a  standard  length  certified  by  NBS. 

c.  Water  Vapor  Pressure  Measurements 

It  was  stated  earlier  in  this  section  that  the  standard  deviation  of 
the  error  in  the  measurement  of  the  water  vapor  pressure  must  not  exceed 
one  millimeter  of  mercury.  It  turns  out,  however,  that  there  is  no  commer¬ 
cially  available  instrument  capable  of  measuring  water  vapor  pressure. 
Instead,  the  percent  relative  humidity  of  the  atmosphere  is  measured  and  the 
result  converted  to  water  vapor  pressure  using  standard  tables.  It  is 
recommended  that  the  tables  in  the  publication  "Psychrometric  Tables  for 
Obtaining  the  Vapor  Pressure,  Relative  Humidity  and  Temperature  of  the 
Dew  Point"  by  C.  F.  Marvin  be  used  for  this  purpose.  This  document  is 
Weather  Bureau  publication  No.  235  and  may  be  obtained  from  the  U.S. 
Government  Printing  Office. 

The  relationship  between  the  error  in  the  relative  humidity  and  the 
error  in  the  determination  of  the  water  vapor  pressure  is  given  by: 

Ae  =  e^  x  A(R.  H.  )  (4-3) 

where  ew  is  a  temperature  dependent  constant  whose  value  is  given  by  the 
graph  of  Figure  4-6,  Ae  is  the  error  in  the  water  vapor  pressure  in  milli¬ 
meters  of  mercury  and  A(R.H.  )  is  the  error  in  the  determination  of  the 
relative  humidity  in  percent.  For  a  typical  temperature  of  15  °C,  e^  =  0. 125 
and  therefore,  an  error  of  1  mm  of  Hg  in  e  corresponds  to  an  error  of  8% 
in  relative  humidity.  Accuracy  of  this  sort  presents  no  problem  at  all  and  it 
is  recommended  that  an  instrument  capable  of  measuring  relative  humidity 
with  an  error  of  not  more  than  1.  5%  be  used  Such  a  device  is  the  Serdex 
Precision  Indicating  Hygrometer  which  is  sold  by  MacAlaster  Bickneil 
as  item  number  20724.  This  device  is  inexpensive,  portable  and  could  be 
placed  in  the  vicinity  of  the  manometers.  It  is  expected  that  only  two  or 
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three  of  these  devices  will  be  required  to  provide  all  of  the  necessary 
relative  humidity  information. 


There  are  devices  available  which  can  measure  humidity  at  remote 
locations  but  all  are  relatively  expensive  and  less  accurate  than  the  device 
recommended  above.  In  the  future  new  devices  capable  of  remote  opera¬ 
tion  with  considerably  higher  accuracy  may  become  available.  If  this  occurs 
and  the  cost  is  reasonable,  it  may  become  desirable  to  instrument  the  range 
with  humidity  sensors  at  relatively  short  intervals  as  is  suggested  for 

temperature.  It  may  then  be  possible  to  determine  the  radio  refractive 
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index  with  an  accuracy  approaching  the  one  part  in  10  which  can  be  ob¬ 
tained  for  optical  wavelengths.  For  the  present  however,  such  radio  fre¬ 
quency  accuracy  is  not  obtainable  even  if  the  most  accurate  and  costly  re¬ 
mote  humidity  sensing  equipment  is  used. 

d .  Instrum ent  Costs  and  Installation 


The  most  expensive  part  of  the  baseline  instrumentation  is  the 
temperature  measuring  system.  The  costs  of  the  equipment  are  estimated 


to  be  as  follows: 

2  HP  Model  2801A  Quartz  Thermometer  $6500. 

39  Additional  H-P  Model  2850  Probe  and 
Model  2830  sensor  oscillator  combin¬ 
ations.  18,300. 

5  H-P  Model  2831A  Oscillator  Amplifiers  500. 

42  Amphenol  Coaxial  Switches  610. 

22,000  ft.  RG  59/U  Coaxial  Cable  1,000. 

1  H-P  Model  562A  Recorder  with  Model 

571B  Digital  Clock  2,  700. 


Total  $29,  610. 


In  addition  to  these  items,  the  special  purpose  controller,  remote 
console  and  digital  read-outs  must  be  obtained.  No  estimate  of  the  cost 
of  these  items  is  made. 
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Of  course,  the  system  will  require  that  many  wires  and  cables  be 
run  along  the  baseline.  It  is  suggested  that  a  waterproof,  underground 
pipe  (conduit,  or  channel)  be  constructed  to  accomodate  these  wires.  This 
pipe  should  have  above-the- ground  openings  near  each  probe  location  and  if 
necessary,  also  between  these  locations.  It  should  be  sufficiently  deep  in  the 
ground  that  the  wires  do  not  affect  microwave  devices  being  used  on  the 
range.  The  electronic  equipment  building  located  near  the  zero  meter  end 
of  the  line  and  the  remote  instrument  enclosure  which  is  located  at  the 
2750  meter  point  should  be  covered  on  the  outside  with  a  material  which  does 
not  absorb  large  amounts  of  heat.  The  building  should  be  located  at  least 
100  meters  from  the  baseline  and  should  also  be  heavily  insulated  so  that 
its  internal  temperature  does  not  affect  the  temperature  along  the  baseline. 

At  the  present  time,  it  is  expected  that  air  conditioning  of  this  building  will 
not  be  necessary.  If  this  should  become  necessary  in  the  future  due  to  the 
addition  of  equipment  with  large  power  dissipation,  the  system  should  have 
a  heat  exchanger  which  is  sufficiently  remote  from  the  baseline  that  it  does 
not  influence  the  temperature  along  the  line. 

The  manometers  which  are  recommended  sell  for  $800.  each  and 
•he  associated  calibrating  bar  for  $134.  The  hygrometers  are  $75.  each. 
During  range  operation,  these  devices  must  be  mounted  at  a  number  of 
points  along  the  baseline  and  some  sort  of  enclosures  should  be  provided. 

In  the  case  of  the  manometer,  the  enclosure  may  have  to  be  heated  during 
range  operation  at  temperatures  below  15  °C.  When  the  range  is  not  used 
for  long  periods  of  time,  these  instruments  should  be  returned  to  the  elec¬ 
tronic  equipment  building  for  storage. 

e.  Summary 

In  this  section  means  for  measuring  air  temperature,  total 
pressure  and  water  vapor  pressure  have  been  recommended.  A  compli¬ 
cated  and  expensive  remote  temperature  sensing  system  has  been  sug¬ 
gested  because  such  a  system  is  necessary  if  the  optical  refractive  index 
of  the  atmosphere  along  the  baseline  is  to  be  determined  with  the  desired 
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accuracy.  In  contrast,  it  has  been  found  that  considerably  less  expen¬ 
sive  means  will  suffice  for  providing  the  corresponding  air  pressure 
and  water  vapor  pressure  information.  It  may  turn  out  that  eventually 
these  relatively  unsophisticated  devices  will  be  replaced  by  automated 
remote  sensing  systems.  For  the  time  being,  however,  these  simpler 
devices  should  provide  information  whose  accuracy  is  compatible  with 
the  temperature  data  for  achieving  the  desired  accuracy  in  determining 
the  optical  refractive  index. 

Once  the  range  is  in  operation,  it  may  be  found  desirable  to 
make  measurements  of  other  meteorological  quantities  in  addition  to 
those  required  for  determining  the  refractive  index.  Such  parameters 
would  be  wind  velocity,  wind  direction,  solar  radiation,  rainfall  and 
snowfall.  These  quantities  would  be  measured  at  a  single  point  and 
there  are  numerous  devices  commercially  available  for  the  purpose. 

At  this  point  a  word  of  caution  should  be  stated,  however.  The 
selection  of  the  various  devices  and  equipment  has  been  made  strictly 
on  the  basis  of  data  and  specifications  published  by  the  various  manu¬ 
facturers.  No  equipment  was  actually  tested  to  determine  whether  it 
satisfied  the  specifications  or  not. 

In  this  section  particular  devices  have  been  recommended  for 
measuring  air  temperature,  pressure  and  water  vapor  content.  For  a 
complete  discussion  of  the  characteristics  of  the  wide  variety  of  devices 
which  are  available  for  the  measurement  of  meteorological  quantities, 
the  reader  is  referred  to  the  report,  "Meteorological  Measurement 
System"  by  Martin  Katzin,  et  al.  This  report  was  written  for  RADC  in 
March  of  1967  and  carries  the  Defense  Document  Center  Number 
AD  650  790. 

4.  BASELINE  CALIBRATION 

Two  somewhat  different  approaches  to  the  problem  of  baseline  cali¬ 
bration  are  presented  in  this  section.  If  the  baseline  has  to  be  calibrated 
in  the  near  future  with  the  accuracy  specified  in  the  contract  then  an 
already  proven  technique  must  be  used.  This  technique,  however,  does 
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have  some  limitations  and  considerable  effort  has  been  devoted  to  finding 
ways  for  ultimately  improving  it.  Therefore,  a  modified  calibration 
technique  which  has  not  been  completely  tested,  is  also  described.  This 
technique  will  take  advantage  of  recently  developed  methods  and  devices 
and  its  complete  implementation  may  have  to  await  small  advances  in  the 
state-of-the-art  in  certain  areas.  The  ultimate  implementation  of  this 
technique,  however,  will  represent  a  significant  advance  in  the  state-of 
the-art  for  baseline  calibration.  The  already  proven  technique  which  could 
be  used  to  calibrate  the  baseline  involves  the  use  of  the  VSisSlS  light  in¬ 
terference  comparator  to  measure  the  first  500  meters  with  the  remain¬ 
der  of  the  line  being  measured  using  invar  tapes.  The  tapes  would  be  cal¬ 
ibrated  on  the  first  500  meters  of  the  baseline.  Both  methods  are  described 
in  the  following  sections. 

a.  Best  Presently  Available  Method 

1)  The  VSisSIS  Light  Interference  Comparator  Technique 

One  of  the  most  desirable  attributes  of  the  VaisalS  technique 
is  its  independence  of  mans'  knowledge  of  the  velocity  of  light  in  a  vacuum. 

In  fact,  if  the  refractive  index  along  the  baseline  is  uniform,  the  operation 
of  this  technique  is  independent  of  propagation  velocity.  In  that  which  fol¬ 
lows,  the  details  of  the  VaisSIS  technique  will  not  be  presented  and  instead 
the  reader  is  referred  to  references  (2),  (3),  (4),  (5),  (6),  and  (7)  for  ex¬ 
cellent  descriptions  of  the  method  and  how  it  is  used. 

In  practice  the  propagation  velocity  is  not  a  constant,  and  the  effect 
must  be  compensated  for.  This  is  done  by  determining  the  refractive  index 
variation  along  the  baseline  and  then  appropriately  adjusting  the  length 
measurements.  This  variation  is  due  almost  entirely  to  variations  in  the 
temperature  along  the  line  unless  the  terrain  slopes  significantly.  The 
correction,  thereiore,  is  somewhat  insensitive  to  air  and  water  vapor 
pressure  and  these  characteristics  do  not  have  to  be  determined  with  ex¬ 
tremely  high  accuracy. 
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Another  important  characteristic  of  the  V&isala  technique  is  its 
dependence  on  the  obtaining  interference  fringes.  These  fringes  are  pro¬ 
duced  by  two  non-coherent  white  light  beams  which  are  combined  in  a  tele¬ 
scope.  The  beams,  are  obtained  from  the  same  source  by  beam  splitting 
and  travel  different  paths  through  the  atmosphere  along  the  baseline.  Since 
white,  non-coherent  light  is  used,  the  propagation  times  of  the  two  beams 
must  be  such  that  their  total  phase  shift  is  not  more  than  two  or  three  wave¬ 
lengths  for  a  frequency  in  the  middle  of  the  visible  region.  If  the  shift  is 
more  than  this,  no  fringes  will  be  seen.  If  the  fringes  are  to  be  stable 
enough  to  be  seen,  the  average  refractive  index  of  the  atmosphere  must  be 
relatively  stable  also.  This  is  normally  the  same  condition  which  makes 
it  possible  to  determine  the  average  index  along  the  baseline  accurately 
while  using  a  reasonable  number  of  temperature  samples.  The  system 
therefore  has  a  built-in  mechanism  for  telling  the  operators  when  atmo¬ 
spheric  conditions  are  sufficiently  stable  for  accurate  distance  measure¬ 
ments  to  be  made. 

In  the  section  on  baseline  instrumentation  it  was  suggested  that 
temperature  be  measured  every  100  meters  during  normal  baseline  opera¬ 
tion.  During  baseline  calibration  however,  it  is  suggested  that  more  tem¬ 
perature  samples  be  taken.  This  is  most  easily  done  by  placing  mercury 
thermometers  between  the  Hewlett-Packard  temperature  sensing  probes. 
This  will  require  observers  to  walk  up  and  down  the  line  recording  tem¬ 
perature,  but  such  a  procedure  is  not  too  inconvenient  for  a  500  meter 
measurement  which  is  not  frequently  made. 

The  V£is51a  system  has  been  used  to  measure  standare  baselines 

in  many  countries  and  most  recent  measurements  have  been  made  with 

7 

an  accuracy  of  at  least  one  part  in  10  .  Reference  (3)  contains  a  discussion 
of  some  of  these  measurements  together  with  data  on  the  accuracy  which 
was  achieved.  People  around  the  world  have  found  that  the  best  way  to 
measure  baselines  using  the  Vais5ia  technique  is  to  have  experts  from 
Finland  participate  in  the  design  of  the  line  and  then  come  to  the  site  and 
carry  out  the  calibration  at  the  appropriate  time.  This  is  recommended 
for  the  baseline  being  proposed  here.  The  best  person  to  contact  for  help 
of  this  sort  would  be  our  consultant,  Dr.  T.  J.  Kukkamaki,  Director  of  the 
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Finnish  Geodetic  Institute,  H&meentie  31,  Helsinki,  50,  Finland.  A  se¬ 
cond  source  of  assistance  would  be  Mr.  Sol  Cushman  of  the  Geodetic  Sciences 
Department  of  Ohio  State  University.  Ohio  State  has  a  VSisalS.  Comparator 
and  Mr.  Cushman  is  skilled  in  its  operation.  He  worked  with  Dr.  Kukkam&ki 
during  the  calibration  of  the  baseline  at  Mansfield,  Ohio. 

2)  Extension  Beyond  500  Meters 

The  VilisiilSi  technique  is  limited  by  atmospheric  conditions  to 
distances  of  not  more  than  900  meters  for  most  locations.  If  it  should  turn 
out  that  conditions  at  the  proposed  site  are  unusually  good  then  perhaps  ex¬ 
tension  to  1000  meters  would  be  possible.  This  should  be  done  if  feasible 
and  the  design  of  the  1000  meter  pillar  should  be  such  as  to  accomodate  the 
possibility.  For  the  purposes  of  this  section,  however,  it  will  be  assumed 
that  only  the  first  500  meters  can  be  measured  using  the  comparator. 

Extension  beyond  500  meters  can  be  carried  out  in  a  number  of  ways. 
The  Finns  have  found  that  the  use  of  invar  tapes  constitutes  a  very  desirable 
way  of  accomplishing  this.  Our  consultant,  Dr.  T.J.  KukkamSki,  ha3 
suggested  that  extension  be  carried  out  using  ten  tapes  which  have  been  cali¬ 
brated  on  the  first  500  meters  of  the  line.  In  practice,  the  tapes  would  be 
calibrated  at  the  beginning,  in  the  middle  and  at  the  end  of  the  measurement 
program.  The  measurements  should  be  made  by  people  experienced  in  making 
first  order  surveys  and  extreme  precautions  should  be  taken.  Each  mea¬ 
surement  would  be  made  many  times  and  a  statistical  average  obtained. 

The  Finns  have  extended  their  Vihti  baseline  in  this  manner  to  a  total  length 
of  6,  049  meters  with  an  accuracy  of  one  part  in  twelve  million.  It  is  rec¬ 
ommended  that  Dr.  KukkamSki  be  consulted  in  developing  techniques  and  field 
procedures  for  such  invar  tape  calibration  and  length  measurements. 

b.  Improved  Method  for  Calibrating  the  Baseline 

Although  a  means  for  calibrating  the  baseline  with  the  accuracy 
required  by  the  contract  had  been  found,  considerable  effort  was  de¬ 
voted  to  finding  even  better  methods  for  obtaining  the  desired  calibration. 
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This  effort  was  carried  out  because  it  seemed  that  recently  developed 
devices  such  as  lasers  could  be  used  to  provide  improved  means  for 
calibrating  baselines,  Also,  although  most  people  accept  the  degree  of 
accuracy  claimed  by  the  Finns,  a  few  do  not.  These  people  point  to  the 
possibility  of  certain  systematic  errors  in  the  VaisalS  technique  and  feel 
that  the  Finns  may  actually  be  achieving  precision  rather  than  accuracy. 

The  improved  technique  is  designed  to  remove  the  most  significant  pos¬ 
sible  sources  of  systematic  error. 

The  improved  measurement  system  consists  of  three  steps.  The 
first  25  meters  of  the  baseline  would  he  measured  using  a  special  purpose 
interferometer.  This  distance  would  th*".i  be  multiplied  up  to  500  meters 
(1000  meters  if  possible)  using  the  VaisalS  technique  and  then  the  remain¬ 
der  of  the  line  would  be  measured  by  multiplying  the  500  meters  upward 
using  Geodolite-type  equipment  in  a  Vais&la-type  manner.  These  methods, 
together  with  their  advantages  will  be  described  in  the  following  paragraphs. 
The  interferometer  will  be  described  in  the  next  section. 

The  Vais&la  system  as  presently  used  has  two  principle  weaknesses. 
One  is  that  its  reference  for  distance  measurements  is  a  quartz  meter  bar 
which  has  been  compared  with  the  former  international  standard  bar  kept 
in  Paris.  Since  the  standard  is  now  in  terms  of  wavelengths  of  light  from 
Krypton,  this  is  a  rather  indirect  route  to  obtaining  true  accuracy.  Fur¬ 
thermore,  the  length  of  the  bar  is  a  function  of  its  temperature  and  pro¬ 
bably  also  changes  with  age.  If  the  temperature  of  the  bar  is  accurately 
known  its  expansion  or  contraction  can  be  determined  but  one  can  never  be 
sure  how  accurately  he  knows  the  effective  internal  temperature  of  a  solid 
object. 


The  second  weak  point  has  to  do  with  the  variation  of  the  refractive 
index  along  the  baseline.  The  Vaisala  system  must  be  used  at  night  and  it 
turns  out  thit  under  good  atmospheric  conditions  the  temperature  is  quite 
uniform.  An  exception  to  this  sometimes  occurs  however,  in  the  vicinity 
of  the  zero  meter  pillar.  Here  the  temperature  is  somewhat  higher  because 
the  massive  concrete  structure  is  reradiating  heat  absorbed  during  the  day. 
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This  condition  is  most  serious  for  the  first  five  meters  along  the 
line.  To  reduce  the  effect  and  to  eliminate  the  first  limitation,  it 
is  recommended  that  the  first  25  meters  be  measured  using  a  special 
purpose  interferometer  whose  ray  path  is  in  an  evacuated  tube.  This 
interferometer  will  permit  the  distance  to  be  measured  in  terms  of 
laser  wavelengths  which  can  be  compared  accurately  with  the  wave¬ 
length  of  Krypton  86. 

After  the  distance  has  been  measured,  the  evacuated  tube  is 
removed  and  the  25  meter  distance  is  multiplied  up  to  500  meters 
using  the  Vaisala  system.  Since  the  entire  25  meter  distance  is 
being  multiplied,  the  temperature  effects  in  the  first  five  meters  are 
of  considerably  less  importance. 

Extension  beyond  500  meters  can  probably  best  be  obtained 
by  using  a  special  purpose  Geodolite-type  instrument  in  a  Vais&lS.- 
type  manner.  That  is,  a  laser  beam  could  be  amplitude  modulated 
with  a  sine  wave  whose  frequency  is  four  gigahertz.  This  beam  would 
be  broken  into  two  parts  with  one  part  being  reflected  back  and  forth 
between  0  and  500  meters  twice  while  the  other  part  travels  out  to 
1000  meters  and  back.  The  phase  of  the  modulation  on  these  two 
beams  would  then  be  compared.  If  the  average  refractive  indexes 
along  the  two  ray  paths  are  the  same,  then  the  two  signals  should 
be  exactly  in  phase.  If  the  indexes  are  not  equal,  then  a  difference 
in  phase  will  occur.  The  difference  to  be  expected,  if  any,  can  be 
determined  from  the  atmospheric  data  which  is  obtained  along  the 
paths.  During  baseline  calibration,  the  atmospheric  data  would  be 
collected  and  used  to  determine  the  average  refractive  index  of  the 
atmosphere  along  the  ray  path  between  0  and  500  meters  and  that 
between  500  and  1000  meters.  This  information  would  then  be  used 
to  calculate  the  amount  of  phase  f>hift  which  should  exist  between 
the  two  modulation  signals.  The  position  of  the  1000  meter  mirror 
could  then  be  adjusted  until  the  phase  shift  reaches  the  desired  value. 


-  33  - 


The  accuracy  with  which  this  can  be  done  depends  upon  the  accuracy  with 

which  the  phase  shifts  cs  >e  measured.  The  Rantec  Model  ET-210  test 

equipment  can  measure  pi.ase  shift  with  a  probable  error  of  +  0.  75  degrees, 

and  this  corresponds  to  a  probable  error  in  the  round  trip  distance  of 

■7 

+  0. 156  millimeters.  This  is  0.78  parts  in  10  and,  therefore,  provides 
the  required  accuracy.  The  advantage  of  this  technique  lies  in  the  fact  that  it 
does  not  require  that  the  modulating  signal  be  extremely  stable  or  that  its 
wavelength  be  known  with  very  great  accuracy.  It  does  depend  upon  the 
system's  ability  to  resoive  small  phase  differences  but  the  requirement 
is  within  the  state-of-the-art. 

The  greater  distances  of  1500,  2000,  3000  and  4000  meters  could 
be  measured  using  the  same  equipment  and  multiplying  upward  by  factors 
of  2,  or  3  from  appropriate  smaller  distances.  Of  course,  a  technique  of 
this  sort  will  be  limited  by  the  variation  of  the  refractive  index  of  the  at¬ 
mosphere  and  many  measurements  of  each  length  should  be  made  with  the 
final  value  in  each  case  obtained  by  standard  statistical  techniques.  The 
method  has  not  been  tried  but  seems  to  have  enough  inherent  advantages 
that  it  should  be  experimentally  tested. 
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(5)  SPECIAL  PURPOSE  INTERFEROMETER 


a.  General 


The  interferometer  described  in  this  section  can  be  used  to 

measure  distances  up  to  at  least  40  meters  in  length  with  very  great 

accuracy.  It  does  this  by  taking  advantage  of  the  long  coherence 

length  associated  with  the  light  obtained  from  certain  very  stable 

lasers.  The  distance  is  measured  in  terms  of  laser  wavelengths 

which  can  then  be  converted  to  Krypton  86  wavelengths.  The  basic 

unit  of  length  is  now  defined  in  terms  of  Krypton  86  wavelength  and 

since  wavelengths  can  be  compared  with  an  accuracy  of  at  least 
8 

one  part  in  10  ,  this  approach  has  significant  appeal.  The  principle 
problem  therefore  was  how  to  measure  a  given  distance  in  terms  of 
laser  wavelengths.  One  technique  which  is  widely  used  consists  of 
building  an  interferometer  containing  a  movable  mirror.  As  the 
mirror  is  moved,  the  fringe  pattern  changes  in  a  manner  such  that 
a  phototube  can  be  used  to  obtain  a  voltage  pulse  every  time  the 
mirror  moves  a  distance  equal  to  A/2.  These  pulses  are  counted 
and  the  result  converted  into  distance.  The  technique  is  called  fringe 
counting  and  has  been  used  to  measure  distances  up  to  40  meters  in 
length.  In  every  case  known  to  this  author,  the  technique  has  been 
used  in  the  open  atmosphere  and  therefore  although  the  number  of 
wavelengths  is  known  exactly,  the  average  value  of  the  wavelength  is 
probably  not  known  with  an  accuracy  much  greater  than  one  part  in 
10^.  Therefore  the  total  distance  is  measured  with  comparable 

7 

accuracy.  To  achieve  accuracies  of  one  part  in  10  or  better,  the 
moving  mirror  must  be  in  a  vacuum  or  an  accurately  controlled 
atmosphere.  Creating  such  an  environment  for  a  mirror  which  must 
be  moved  along  a  path  many  meters  long  is  a  substantial  engineering 
problem.  Furthermore,  since  the  distance  which  can  be  measured 
using  this  technique  seems  to  be  relatively  limited,  the  remainder  of 
the  baseline  must  be  measured  by  comparing  it  with  the  distance 
measured  with  the  fringe  counter.  The  Vais'alS  technique  is  well 
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.suited  for  this  application  but  the  structure  necessary  to  create 
the  vacuum  or  controlled  atmosphere  would  most  certainly  inter¬ 
fere  with  its  operation.  Another  method  was  therefore  sought. 

Several  other  approaches  to  the  problem  were  made  and 

finally  the  special  purpose  interferometer  shown  in  Figure  4-7  was 

conceived.  This  interferometer  is  capable  of  measuring  the  distance 

7 

between  the  two  mirrors  with  an  accuracy  of  at  least  one  part  in  10  . 
The  Vais&ld  technique  can  then  be  used  to  multiply  this  distance  up 
to  500  meters  as  described  in  an  earlier  part  of  this  Section. 

The  two  mirrors  shown  in  Figure  4-7  are  rigidly  attached  to 
concrete  pillars  in  the  manner  of  the  VaisalS  equipment.  The  laser 
is  a  Spectra  Physics  Model  119  which  has  a  greater  coherence  length 
than  any  other  laser  commercially  available  today.  It  is  thought  that 
a  mirror  spacing  of  up  to  at  least  50  meters  is  possible  with  this  laser. 
To  be  conservative  however,  it  is  recommended  that  the  mirror 
spacing  be  set  at  25  meters. 

The  evacuated  tube  is  placed  between  the  mirrors  in  such  a 
manner  that  it  does  not  touch  the  mirrors  or  the  concrete  pillars  to 
which  they  are  attached.  The  ends  of  the  tube  are  slightly  tilted  so 
that  light  reflected  by  the  surfaces  of  the  glass  end  plates  does  not 
enter  the  telescope. 

The  fringes  which  appear  on  the  screen  are  circular  in  shape 
and  are  due  to  interference  between  the  beams  reflected  by  the 
partially  reflecting  and  the  totally  reflecting  mirrors.  By  measuring 
where  the  fringe  intensity  minimums  occur  it  is  possible  to  deter¬ 
mine  the  phase  shift  between  the  wavefronts  of  the  two  beams.  Since 
the  two  beams  travel  the  same  path  except  for  the  region  between  the 
two  mirrors,  the  phase  shift  measured  using  the  fringes  can  be 
utilized  to  determine  the  mirror  separation.  If  d  is  the  separation 
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Figure  4-7  Special  Purpose  Interferometer 


between  the  mirrors, 
given  by: 


then  the  phase  shift  between  the  two  beams  is 


♦t  =  f  (360-) 

=  k  (360°)  +  <J> 


(4-4) 


where  X  is  the  wavelength  of  the  radiation  and  k  is  an  integer. 

The  fringes  can  be  used  to  determine  $  but  the  value  of  k  and 
therefore  <j>t  remains  unknown.  Actually  some  limits  can  be  placed 
on  the  value  of  k  by  measuring  the  distance,  d,  by  independent 
means.  The  accuracy  of  this  measurement  will  determine  the  range 
of  values  of  k  which  are  possible. 


It  is  well  known  that  all  but  one  of  the  possible  values  of  k 
can  be  eliminated  if  $  is  determined  for  each  of  several,  specially 
chosen,  different  wavelengths.  This  technique  is  known  as  the 
"Method  of  Exact  Fractions"  and  is  described  in  Reference  (8). 


Unfortunately,  when  one  is  attempting  to  obtain  interference 
fringes  with  a  50  meter  difference  in  ray  path  length  only  two  visible 
region  wavelengths  are  presently  available.  One  of  these  is  the 
0.63299  micron  wavelength  at  which  the  Model  119  laser  normally 
operates.  The  other  is  at  0.64028  microns  and  can  be  obtained  from 
a  Model  119  laser  using  a  special  set  of  mirrors.  It  is  recommended 
that  a  Model  119  operating  at  each  of  these  wavelengths  be  obtained. 

The  partially  reflecting  mirror  should  be  approximately  80% 
transmitting  and  20%  reflecting.  This  allows  for  a  loss  of  55%  of 
the  original  intensity  between  the  two  mirrors.  Such  a  loss  is 
desirable  so  that  second  go-round  reflections  are  of  negligible 
amplitude.  Much  of  the  loss  is  obtained  at  the  surfaces  of  the  glass 
end  plates  which  are  attached  to  the  evacuated  tube.  In  practice,  the 
loss  between  the  two  mirrors  should  be  measured  and  the  reflectivity 
of  the  partially  reflecting  mirror  adjusted  so  that  the  two  beams 
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striking  the  screen  have  equal  intensity. 


An  analysis  of  the  effects  of  the  evacuated  tube  on  the  accu¬ 
racy  of  the  system  has  been  carried  out.  Of  course  the  ideal  system 
would  be  entirely  enclosed  by  a  vacuum  but  as  mentioned  earlier 
the  achievement  of  such  an  environment  is  a  substantial  engineering 
task.  Therefore,  it  seems  far  more  desirable  to  evacuate  only 
that  region  between  the  two  mirrors  where  the  laser  beam  travel^. 

This  is  done  with  an  evacuated  tube  which  does  not  touch  the  mirrors 
or  the  concrete  pillars  upon  which  they  rest.  The  tube  has  its  own 
supports  and  although  it  is  subjected  to  very  large  air  pressure  forces, 
no  force  is  applied  to  the  pillars  or  mirrors.  Such  a  tube  may  be 
evacuated  from  the  center  thereby  keeping  the  vacuum  pump  with  its 
associated  vibration  at  least  12.  5  meters  from  either  pillar.  It  is 
estimated  that  an  adequate  vacuum  can  be  obtained  in  a  2  inch  diameter 
tube  by  pumping  with  an  ordinary  mechanical  roughing  pump  for  a 
period  of  five  hours.  Once  the  desired  vacuum  is  obtained,  the 
pump  could  be  shut  down  for  a  short  time,  if  necessary,  to  allow 
the  precise  fringe  measurements  to  be  made. 

The  characteristics  of  the  glass  end  plates  and  the  air  gaps 
between  these  plates  and  the  mirrors  must  be  accurately  known.  An 
error  analysis  of  this  part  of  the  system  has  been  carried  out  and  the 
results  are  as  follows.  Let  the  true  distance  between  the  two  mirrors, 
d,  be  given  by: 


d  =  s  -  2dj  (n1  -  1)  -  2d2(n2  -  1)  (4-5) 

where  s  is  the  electrical  distance  as  measured  using  the 
interferometer 

d^  is  the  length  of  each  of  the  air  gaps. 

d2  is  the  effective  thickness  of  each  glass  end  plate. 

n.  is  the  refractive  index  of  the  air  between  the  glass 
plates  and  the  mirrors. 

n2  is  the  refractive  index  of  the  glass  plates. 
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The  error  in  d  is  given  by: 


9d  A  9d  A  ,  9d  A  , 
Ad  =  K  As  +  Adl  *  Ad2 


.  9d  A  ,  9d  A 

+  9nt  *nl  +  9n2  ^2 


(  4-6  ) 


For  typical  values  of 


d^  =  3  millimeters 
d^  =  6  millimeters 

nL  =  1.000285 

n2=  1.500 


The  derivatives  are  given  by: 


9d 

9s 


=  1.0 


M  =  -Zfn,-!)  =  -570x 


Iff6 


|f2  =  -2(n2-l)  =  -1.0 


~  =  -2d,  =  -  6  x  10” 3meters 
9nt  1 


4”  =  _2d2  =  -12  x  10" ^meter s 

2 


It  can  be  assumed  that  the  error  As  is  negligibly  small.  Therefore 


Ad  =  -570  x  10”6Ad1  -  1.  0  Ad2  -6  x  10-3An1-12  x  10"3An2  (  4-8  ) 
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Since  d  is  25  meters  and  an  error  of  less  than  one  part  in  10  is 
desired,  Ad  must  be  somewhat  less  than  2.5  microns.  Also,  since  the 
errors  are  independent,  random,  and  can  be  assumed  to  have  zero  average 
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value  we  may  write  Equation  (4-8)  is  of  standard  deviations: 

_1_ 

O’.  =  [3.25  x  10"7  O' 2  +  (7  2  +  36  x  10“6(T  2+  144  x  10_6(T  2]2  (  4-9  ) 

d  di  d2  '  nl  n2 

Typical  values  for  the  standard  deviations  are: 


(T 

n 


1 


10 


-6 


O' 

n 


2 


10 


-5 


=  0.  3  millimeters 

=  1  micron 


When  these  values  are  substituted  into  the  above  equation,  it  is  found 
that  (Tj  =  1.  02  microns  which  is  one  part  in  25  million  and  well  within  the 
accuracy  limits  existing  for  this  application. 


r 


It  should  be  pointed  out  that  in  the  example  presented  above,  the 
error  is  almost  entirely  due  to  the  error  in  determining  the  effective  thick¬ 
ness  of  the  glass  end  plates.  The  thickness  of  such  plates  can  be  measured 
with  an  accuracy  of  one  micron  and  since  the  plates  are  not  perpendicular 
to  the  laser  beam,  the  effective  thickness  must  be  calculated.  This  can  be 
easily  done  when  the  slant  angle  is  known.  Of  course,  the  effects  of  air 
pressure  on  the  thickness  of  the  glass  must  be  determined  and  used  in 
determining  d^  and  The  error  in  d  is  relatively  insensitive  to  changes 

in  all  of  the  quantities  except  n ^  and  ^d^.  Therefore,  the  typical  values  of 
these  quantities  chosen  above  could  be  significantly  increased,  if  necessary, 
without  producing  a  substantial  change  in  <T^. 

(b)  The  Use  of  Two  Wavelengths 

Let  it  be  assumed  that  the  distance  between  the  two  mirrors  is 
approximately  25  meters.  If  the  distance  were  exactly  25  meters,  the 
total  phase  shift  between  the  two  beams  at  a  wavelength  of  0.  63299  p 
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would  be  78,  990, 189  complete  cycles  plus  151  degrees  and  that  at 
0.64028p.  would  be  78,  090,835  complete  cycles  plus  93  degrees.  If 
the  distance  between  the  mirrors  is  25  meters  plus  x/2  then  the 
phase  shift  at  the  two  wavelengths  would  be: 


♦l  =  -OT5I99-  36°°  +  151# 


(4-11) 


♦  >  = 


2  0764028 


360°  +  93' 


where  x  is  measured  in  microns  and  the  number  of  complete  wave¬ 
lengths  in  the  50  meter  path  have  been  ignored.  Let  us  now  define 
two  new  phase  shift  quantities  as: 


4>l'  =  -  360  kj  degrees 

<J>^  =  $2  -  360  degrees 


(4-12) 


where  k^  and  k^  are  positive  or  negative  integers  which  are  selected 

such  that  4>'  and  (|>J  are  greater  than  or  equal  to  zero  and  less  than 

360*.  an<*  $2  are  iliere^ore  the  angles  which  can  be  measured 

using  the  interferometer.  To  see  how  a  knowledge  of  the  magnitudes 

of  <)> 1  and  <)> '  can  be  used  to  measure  distance  consider  how  their 
1  2 

difference  varies  as  a  function  of  x: 

<J>^'  -  <f>2  =  6.475  x  +  58  +  360  (k^  -  k^)  degrees  (4-13) 

A  plot  of  this  difference  as  a  function  of  x  is  given  in  Figure 
4-8.  Although  the  figure  covers  only  the  interval  from  x  =  0  to 
x  =  12.  5  microns,  it  is  easy  for  one  to  visualize  how  the  envelope  of 
the  function  behaves  outside  this  interval.  From  Equation  (4-13)  it 
can  be  seen  that  this  envelope  will  repeat  everytime  6.475  x  increases 
by  360*.  The  function  therefore  has  a  period  given  by: 


-  42  - 


■NH 


ri"  ^rmun£L. 


■BMRwnositaaiMMwDiquiratiwniiMiwMiwiiiiiinaiRiiHW 

urn  nun  SSniMliMraii  BBBfi  misfl  i 


ngn 


ibiwiwu 


II  y  Us  rti :  •:>? »ii  Kjji  «JV-  !KH  ti::- 

11 1SPWKU5RHW!  IffiilMiijiSiffl 


I..:.,  i  —  . i: 


nH 


HMSSWUflltflBiWi 


I WH  Winn  HHIHlH*K*ifcsji«rl«:  flHiirtri  iMiir.: 


•nTiiwittwmmiwtimtmiiitin rmrm::  mi 

tjiilstti  ain  tUft  am  ;titi  aid  :tte  cttn  it:  ti  W&\ 


MHtMaiMik 


1 1  mmnttwmii  minrnninmr  itninic irmnai iumua  irmutt; miutu;  it|int||||ttl{Bi 

. . — . . - . —  — .  SnSllKl 

!1  amw  tSPSK  SSHiM  tSH  W  Bfij  tusi  ®  IMiHi  j  ffil  I  flitillil ; 


m'&Mi  &W\W  .. 

lumuu  juutniiiMuamintuuiiummiuimuutiuuuitiu.nuu.^  dj 

■K1  r?  ::::s:u:«f:iUT  i:n  its:  :tu:  ms  ;um:>manut;;  «»::■«  limits::  mi: 

mmi  IMi  iipiHmiiipiilijiliiiM 

i 28  W I3T  Iftp  m t-i .*?f  w mt*  otr  ifrst  trt :  :: 


Figure  4-8  Difference  in  Phase  as  a  Function  of  Distance 


X 


360° 

"  6.475 


55.6  microns  (4-1*) 


If  and  <|>^  are  measured  using  the  interferometer,  then 
the  quantity  ^  can  be  determined.  From  this  the  total  round 

trip  distance  between  the  mirrors  can  be  determined  with  an  ambiguity 
distance  of  55.6  microns  and  other  means  must  be  found  for  resolving 
this  ambiguity. 

To  understand  What  has  been  said  here,  consider  the  following 
example.  Let  the  measured  values  be: 


♦  j'  =  172 - 

*2  =  69# 


(4-15) 


Assume  that  each  angle  has  been  measured  using  the  interferometer  to 
within  -  =  t  8 8 . 


Then  ^  will  be  equal  to  103°  and  this  will  be  known 

with  an  accuracy  of  +  16°.  Therefore  will  lie  between 

87  and  119°.  From  Figure  4-8  it  can  be  seen  that  this  range  of 
angles  occurs  for  values  of  x  between  4.  5  and  9.  5  microns.  If  a 
value  of  7  microns  is  chosen  for  x,  then  the  round  trip,  distance  will 
be  known  with  a  probable  error  of  2. 5  microns  which  is  0.  5  parts  in 
10  .  This  measurement  places  the  distance  at  the  proper  place  within 
the  55.6  micron  interval  and  the  problem  now  becomes  that  of  deter¬ 
mining  which  interval  is  being  used.  At  the  present  time  there  is  no 
easy  way  of  resolving  the  55.6  micron  ambiguity  that  arises  in  the 
distance  measurements.  What  is  needed  is  a  means  for  determining  which 
55.6  micron  interval  the  total  ray  path  falls  in.  Therefore  the  round 
trip  path  length  (twice  the  mirror  spacing)  must  be  measured  by 
other  means  to  an  accuracy  of  -  27.8  microns.  In  the  future  more 
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laser  wavelengths  will  probably  become  available  for  interferometer  use 

and  some  will  probably  be  of  such  a  magnitude  that  their  use,  together  with 

the  two  already  available  will  allow  the  aAibiguity  interval  to  be  increased  to 

the  point  where  a  relatively  crude  initial  measurement  of  mirror  spacing 

will  be  sufficient  for  ambiguity  removal.  Until  this  happens  however,  the 

7 

27.  8  micron  requirement  will  prevail  and  this  is  5. 4  parts  in  10  for  the 
50  meter  total  path  length. 

At  present  it  seems  that  the  best  way  of  measuring  the  total  round 
trip  path  length  between  the  mirrors  with  an  accuracy  of  +_  27.  8  microns 
involves  amplitude  modulation  of  the  laser  beam.  A  measurement  of  the 
phase  shift  between  the  modulation  on  the  beams  reflected  by  the  two  mir¬ 
rors  can  be  used  to  determine  the  round  trip  path  length  with  an  ambiguity 
distance  equal  to  the  modulation  wavelength.  The  phase  shift  must  be  mea¬ 
sured  with  an  accuracy  sufficiently  great  that  the  distance  will  be  known  to 
within  _+  27.  8  microns.  To  get  an  idea  of  what  is  required  here,  let  the 
laser  beam  be  amplitude  modulated  at  a  frequency  of  10  gigahertz.  This 
corresponds  to  a  wavelength  of  3  centimeters.  To  determine  the  round  trip 
path  length  with  the  desired  accuracy,  the  phase  shift  must  be  measured  with 
an  accuracy  of  _+  0.  32  degrees.  This  distance  measurement  will  be  am¬ 
biguous  every  3  centimeters  and  the  ambiguity  can  be  removed  by  mea¬ 
suring  the  distance  with  a  tape.  In  this  application  a  very  stable  modula¬ 
ting  source,  whose  wavelength  can  be  determined  with  an  accuracy  of  at 

7 

least  five  parts  in  10  ,  must  be  used. 

It  is  realized  that  some  aspects  of  this  technique  lie  near  the  edge 
of  what  is  possible  due  to  state  of  the  art  limitations.  In  particular, 
the  means  of  modulating  the  laser  beam  at  such  a  high  frequency  and 
determining  the  phase  shift  with  such  accuracy  fall  in  this  category. 

The  phase  shift  could  be  determined  by  removing  the  modulation  from 
the  light  wave  carrier  with  a  phototube  and  then  applying  the  output 
signal  to  an  electric  phase  shift  measuring  system.  Another  technique 
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for  determining  the  modulation  phase  shift  involves  a  measurement 
of  the  intensity  of  the  fringe  pattern  as  a  function  of  modulation 
wavelength.  When  the  laser  beam  is  modulated  at  microwave  fre¬ 
quencies*  no  movement  of  the  fringe  pattern  occurs.  That  is,  the 
positions  of  the  nulls  and  points  of  maximum  brightness  remain 
fixed.  It  is  true  however,  that  as  the  phase  shift  of  the  modulation 
on  the  two  beams  varies,  the  intensity  of  the  fringe  pattern  changes. 

If  twice  the  mirror  spacing  is  exactly  an  integral  number  of  wave¬ 
lengths  at  the  modulating  frequency,  then  the  intensity  at  the  nulls 
is  minimum  and  that  at  the  maximums  is  maximum.  In  this  condition, 
the  modulation  on  the  two  interfering  beams  is  in  phase  and  the  fringe 
contrast  is  greatest.  For  other  mirror  spacings  the  two  modulation 
envelopes  are  out  of  phase  and  the  intensity  at  the  nulls  is  greater  and 
that  at  the  maximum  points  is  less.  Therefore,  a  means  for  detecting 
when  twice  the  mirror  spacing  is  an  integral  number  of  modulation 
wavelengths  can  be  developed  by  using  phototubes  to  determine  the 
intensity  of  the  radiation  at  a  null  and  at  a  maximum.  In  practice,  the 
mirrors  can  be  positioned  and  then  the  wavelength  of  the  modulation 
varied  until  the  output  of  one  phototube  is  a  maximum  and  that  at  the 
other  is  a  minimum.  The  modulation  frequency  can  then  be  measured 
and  the  wavelength  calculated.  Since  the  number  of  wavelengths  can 
be  determined  from  an  independent  measurement,  the  distance  will 
be  known  with  an  accuracy  which  is  dependent  on  the  sensitivity  of  the 
phototube  measurements.  No  experimental  measurements  of  the 
sensitivity  of  this  system  have  been  made  but  the  technique  appears  to 
be  very  promising. 

In  summary  it  can  be  said  that  the  special  purpose  interfero¬ 
meter  shows  considerable  promise  of  providing  a  significant  increase 
in  the  accuracy  of  distance  measurements.  An  experimental  model 
of  this  interferometer  was  constructed  in  the  RADC  Coherent  Optics 
Laboratory  and  the  results  of  this  work  are  discussed  in  the  next 
section.  Two  means  for  resolving  the  distance  ambiguity  which 
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presently  exists  when  the  interferometer  is  used  have  been  suggested  but 
time  has  not  permitted  an  intensive  study  of  their  relative  usefulness.  It 
would  be  highly  desireable  to  carry  out  such  a  study  in  the  future  so  that 
a  complete  system  can  be  specified. 

6.  LABORATORY  EXPERIMENTS 


The  idea  of  using  the  special-purpose  interferometer  appeared  so  pro¬ 
mising  that  arrangements  were  made  to  construct  such  a  system  in  the 
Coherent  Optics  Laboratory  at  RADC.  This  was  done  on  a  standard  optical 
bench  placed  on  a  granite  table.  Standard  optical  components  were  used  and 
the  distance  between  the  mirrors  set  at  243  centimeters.  At  first  no  tube 
was  placed  between  the  mirrors  and  the  effect  of  air  movement  in  the  room 
made  the  fringe  pattern  relatively  unstable.  This  effect  was  eliminated 
by  placing  a  two  inch  glass  tube  between  the  mirrors  and  covering  its  ends 
with  glass  plates.  The  tube  was  not  evacuated. 

A  Spectra-Physics  model  119  laser  was  used  as  the  source  of  radia¬ 
tion.  This  device  was  operated  at  0.  63299  microns  wavelength  without  ser¬ 
vo  control  and  was  found  to  have  very  high  wavelength  stability  after  a 
reasonable  warm-up  period.  When  the  air  filled  tube  was  used,  the  fringes 
were  stable  to  the  extent  that  no  fringe  movement  could  be  observed  with  the 
eye  for  periods  of  10  minutes  or  more. 

The  fringes  obtained  with  the  interferometer  were  displayed  in  a 
number  of  ways.  In  every  case  the  telescope  shown  in  Figure  4-7  consisted 
merely  of  a  concave- concave  diverging  lens  which  spread  the  pattern  out. 

At  first,  the  pattern  was  displayed  on  a  white  screen  so  that  its  character¬ 
istics  could  be  studied.  The  pattern  was  later  focused  on  a  piece  of  film 
for  photographing.  The  result  is  shown  in  Figure  4-9.  It  will  be  noticed 
that  this  picture  contains  many  smaller  patterns  which  are  due  to  particles 
of  dust  on  the  mirrors,  lenses,  in  the  air  and  on  the  glass  end  plates.  These 
rings  were  not  noticed  during  the  course  of  the  experiments  and  were  dis¬ 
covered  only  after  the  photographs  were  processed. 


-  47- 


mn 


Figure  4-9  Photograph  of  Interferometer  Fringe  Pattern 


When  using  the  interferometer  to  measure  distance,  the  positions 
of  the  fringe  nulls  must  be  determined.  To  do  this  the  fringe  pattern  was 
focused  on  the  photocathode  of  a  General  Electric  home  entertainment  type 
Vidicon  camera.  Figures  4-10,  4-11,  and  4-12  show  the  interferometer  to¬ 
gether  with  a  monitor  for  displaying  the  fringe  pattern.  The  video  signal 
from  the  camera  was  applied  to  the  vertical  input  of  a  Tektronix  547  oscillo¬ 
scope.  Using  the  delayed  sweep  feature  of  this  instrument,  the  raster  line 
passing  through  the  center  of  the  fringe  pattern  was  displayed.  Figure  4-13a 
shows  a  typical  oscilloscope  pattern  where  it  will  be  noticed  that  the  nulls 
(lower  edges)  of  the  waveform  are  relatively  pointed  while  the  upper  edges 
are  more  rounded.  Theoretically  the  shapes  of  the  two  extremities  should 
be  similar  but  non-linearities  in  the  Vidicon  light  to  voltage  transfer  func¬ 
tion  produce  the  distortion.  In  this  case,  the  distortion  is  quite  helpful 
since  it  allows  the  positions  of  the  nulls  to  be  more  accurately  located.  To 
illustrate  the  sharpness  of  the  nulls,  the  oscilloscope  waveform  was  ampli¬ 
fied  and  moved  upward.  The  resulting  waveform  is  shown  in  Figure  4-13b. 
From  the  picture  it  can  be  seen  that  the  positions  of  the  nulls  can  be  ob¬ 
tained  with  relatively  high  accuracy  even  with  this  unsophisticated  system. 
The  phase  relationship  at  the  center  of  the  fringe  pattern  must  be  determined 
with  an  accuracy  of  +  A/45  in  order  that  the  distance  be  measured  with  the 
desired  accuracy.  The  experimental  evidence  presented  here  indicates 
that  this  can  certainly  be  done. 

The  experiment  described  in  this  section  has  shown  that  a  scaled 
down  model  of  the  special  purpose  interferometer  can  be  used  to  measure 
the  phase  shift  between  the  laser  beams  reflected  by  the  two  mirrors  with 
an  accuracy  great  enough  to  allow  the  distance  between  the  mirrors  to  be 
determined  with  a  probable  error  of  _+  2.  50microns.  Therefore,  this  por¬ 
tion  of  the  distance  measuring  system  is  considered  feasible. 

7.  SUMMARY 


In  this  section  several  means  have  been  presented  for  calibrating  the 
baseline.  One  method  could  be  used  immediately  while  the  others  all  need 
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Figure  4-10  Experimental  Model  of  Interferometer 
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Figure  4-11  Experimental  Model  of  Interferometer 
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Experimental  Model  of  Interferometer 


(a)  VIDICON  VIDEO  WAVEFORM 


(b)  LOWER  EDGE  OF  VIDICON  VIDEO  WAVEFORM  MAGNIFIED 

Figure  4-13  Oscilloscope  Display  of  Vidicon  Video  Signals 
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further  development.  These  latter  methods  however,  show  promise  of 
being  capable  ultimately  of  achieving  increased  accuracy.  In  particular, 
the  special  purpose  interferometer  seems  to  have  exciting  prospects  and 
should  be  developed  further.  This  technique  could  be  used  to  make  pre¬ 
cise  measurements  in  many  applications. 

As  this  report  was  being  completed,  it  was  learned  that  a  group 
working  at  the  Boeing  Scientific  Research  Laboratories  has  developed  a 
similar  interferometer  for  use  in  the  observation  of  earth  tides.  Although 
their  system  is  quite  similar,  they  do  not  use  it  to  measure  distance.  In¬ 
stead,  they  use  it  to  measure  changes  in  length  due  to  earth  tides.  To  ac¬ 
complish  this  they  use  fringe  counting  techniques.  References  (9),  (10), 
and  (11)  describe  the  Boeing  work,  where  it  is  claimed  that  displacements 
of  the  completely  reflecting  mirror  as  small  as  1/100  of  a  fringe  can  be 
resolved.  Other  experimental  data  are  also  presented  in  these  references 
and  all  indicate  that  the  idea  of  measuring  distance  in  this  manner  is  very 
feasible  indeed. 
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SECTION  V 


ANGLE  CALIBRATION  FACILITY 


1.  GENERAL 


The  facility  angle  requirements  fall  into  two  categories,  * 
those  related  to  vertical  angles  and  those  for  horizontal  angles.  The 
study  requirements  state  that  the  baseline  and  horizontal  angle 
facility  must  be  in  the  same  physical  location,  but  that  the  vertical 
angle  facility  may  be  located  elsewhere.  It  has  been  found  however, 
that  there  is  no  advantage  in  placing  the  vertical  facility  elsewhere, 
and  therefore,  all  three  facilities  should  be  located  at  the  same  site. 

In  the  previous  section,  a  discussion  of  the  effects  of  varia¬ 
tions  in  refractive  index  on  the  accuracy  of  electromagnetic  distance 
measurements  was  presented.  It  turns  out  that  this  phenomenon  also 
provides  a  limitation  on  the  accuracy  with  which  angles  may  be 
measured.  The  effect  is  especially  severe  for  vertical  angle  measure¬ 
ments  because  the  temperature,  and  therefore  the  refractive  index 
of  the  atmosphere,  ordinarily  varies  significantly  in  the  first  30  feet 
above  the  ground.  Constant  temperature  surfaces  are  often  parallel 
to  the  surface  of  the  earth  and  therefore  the  ray  path  of  an  electro¬ 
magnetic  vertical  angle  measuring  device  must  pass  through  these 
surfaces,  usually  at  an  angle  other  than  90°.  In  such  a  case,  ray 
bending  occurs  in  a  somewhat  unpredictable  way.  Highly  accurate 
angle  measurements  cannot  be  made  because  although  the  angle  of 
arrival  of  the  radiation  at  the  measuring  instrument  can  be  determined 
accurately,  the  angle  between  the  horizontal  and  a  straight  line 
leading  to  a  particular  elevated  point  cannot  be  accurately  determined. 
A  similar  effect  occurs  for  horizontal  angle  measurements  but,  as 
mentioned  in  the  next  section,  its  magnitude  is  ordinarily  sufficiently 
small  that  it  will  not  prevent  the  contract  requirements  from  being 
met.  Of  course,  when  the  air  is  turbulent,  the  ray  path  is  bent  in  a 
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fluctuating,  random  way  and  the  image  of  a  distant  point  tends  to  dance 
around.  Under  such  conditions,  no  accurate  angle  or  distance  measure* 
ments  can  be  made. 

During  the  course  of  the  study,  no  other  out-of-doors  angle  calibra¬ 
tion  facility  was  found  and  as  far  as  unclassified  equipment  is  concerned, 
there  seems  to  be  no  present  need  for  vertical  and  horizontal  angle  cali¬ 
brating  facilities  with  the  +  0.  2  second  accuracy  specified  in  the  study 
requirements.  It  is  therefore  recommended  that  until  a  need  for  such 
facilities  exists,  they  not  be  built.  To  meet  the  study  requirements,  how¬ 
ever,  design  criteria  for  such  facilities  are  presented  in  this  section  along 
with  a  suggested  location  at  the  Chase  Lake  site. 

2.  HORIZONTAL  ANGLE  CALIBRATION  RANGE 

a.  Range  Configuration 

The  horizontal  angle  calibration  range  consists  of  a  central  point 
surrounded  by  a  number  of  outlying  markers.  A  particular  calibrated  angle 

is  obtained  by  using  the  separation  between  the  lines -of- sight  to  a  particular 

«  • 

pair  of  markers.  The  marker  locations  were  selected  such  that  an  angle 
of  ary  integral  number  of  degrees  between  0°  and  360°  can  be  obtained.  These 
angles  will  be  accurate  to  within  0.2  seconds  of  arc  (probable  error).  The 
markers  will  be  attached  to  monuments  which  are  located  generally  on  the 
perimeter  of  a  circle  whose  center  is  at  the  central  point.  It  should  be  em¬ 
phasized  that  the  idea  of  placing  the  monuments  on  a  circle  is  merely  one 
of  convenience  and  if  the  terrain  dictates  otherwise,  they  may  be  put  at 
va i*ying  ranges.  Each  marker  should  be  an  optical  target  of  the  form 
shown  in  Figure  5-1  having  a  translucent,  flat  white  cross  on  a  solid 
black  background.  Rear  illumination  should  be  provided  so  that  day 
or  night  operation  is  possible.  The  center  of  the  target  must  be 
positioned  to  within  0.  2  seconds  of  arc  which  corres- 
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ponds  to  a  tolerance  of  ±  0.  97  millimeters  (probable  error)  in  the 
transverse  direction  if  the  target  is  one  kilometer  away.  This  is  a 
relatively  small  tolerance  and  therefore,  the  range  of  the  markers 
should  be  at  least  one  kilometer.  A  greater  radial  distance  would  be 
more  desirable  since  it  would  result  in  an  increased  transverse  dis¬ 
tance  tolerance. 

The  facility  must  be  placed  at  the  Chase  Lake  site  and  the 
layout  shown  in  Figure  5-2  is  suggested.  This  location  was  chosen 
because  it  results  in  the  largest  possible  radial  distance  (1.5  kilo¬ 
meters)  to  the  markers  while  staying  on  the  flat  part  of  the  plain  and 
away  from  those  areas  where  a  significant  number  of  trees  would  have 
to  be  cut.  The  markers  should  be  located  0  s,  1",  2®,  3®,...  21°,  22°, 
23®,  45®,  90®,  135®,  158®,  180®,  270®,  and  315®  for  a  total  of  31 
monuments.  This  layout  is  subject  to  some  modification  if  a  detailed 
survey  of  the  area  should  show  that  the  topography  of  the  region 
exhibits  small  depressions  or  rises  at  the  points  where  the  monuments 
are  supposed  to  be  located.  In  such  a  case  the  range  of  the  markers 
could  be  adjusted  to  place  them  at  the  proper  elevation.  The  forest 
will  have  to  be  removed  wherever  it  blocks  the  line- of- sight  to  a  given 
marker. 


It  should  also  be  pointed  out  that  if  a  facility  with  reduced 
accuracy  requirements  were  built,  then  the  radial  distances  to  the 
markers  could  be  shortened  thereby  decreasing  the  range  dimensions. 
In  such  a  case,  a  somewhat  different  orientation  of  the  facility  might 
be  more  desirable. 

Each  marker  will  be  attached  to  a  poured  concrete  pillar 
which  extends  approximately  1. 5  meters  above  the  surface  of  the 
earth.  Below  the  pillar  is  a  reference  monument  which  extends  suffic¬ 
iently  deep  into  the  ground  to  be  stable.  For  the  purposes  of  this 
range,  pillars  and  monuments  similar  to  those  used  on  the  Loener- 
mark  (2)  baseline  in  the  Netherlands  are  recommended.  These 


structures  are  shown  in  Figure  5-3  where  it  should  be  noted  that  the 
pillar  and  monument  are  not  attached.  The  pillar  holds  the  marker 
and  at  the  time  of  calibration  the  marker  position  is  projected  down¬ 
ward  and  inscribed  on  a  brass  plate  placed  in  the  top  of  the  monument. 
The  monument  is  a  poured  concrete  cylinder,  one  meter  in  diameter 
and  1.  5  meters  deep,  which  is  attached  to  three  piles  that  have  been 
driven  into  the  ground.  The  hole  for  the  monument  is  drilled  into 
the  soil  and  then  completely  filled  with  concrete.  In  this  way,  there 
is  a  minimum  of  soil  disturbance  during  construction.  The  monument, 
whose  upper  surface  is  approximately  one  meter  below  the  surface, 
forms  a  very  stable  reference  which  will  not  require  frequent  recali¬ 
bration. 

The  pillar  is  not  nearly  as  stable  as  the  monument  and, 
therefore,  the  position  of  the  marker  should  be  periodically  checked 
to  be  sure  that  it  is  directly  above  the  monument  reference  point. 
Removable  covers  should  be  provided  to  protect  the  markers  and 
monuments  when  the  range  is  not  being  used. 

There  will  also  be  a  pillar -monument  structure  at  the  central 
point.  It  should  be  covered  by  an  open  canopy  similar  to  that  shown 
in  Figure  7-2,  but  with  the  uprights  located  in  such  a  way  that  they  do 
not  interfere  with  any  of  the  desired  lines-of- sight.  The  canopy  will 
protect  equipment  and  personnel  using  the  range.  Mountings  for  such 
equipment,  if  necessary,  must  be  provided  on  adjacent  pillars  whose 
design  will  be  determined  by  the  type  of  equipment  to  be  calibrated  on 
the  range.  As  in  the  case  of  the  outlying  structures,  the  underground 
reference  monument  is  not  attached  to  the  pillars.  It  is  recommended 
that  this  monument  be  constructed  in  a  manner  similar  to  that  for  the 
outlying  units  but  that  it  be  somewhat  larger  having  a  diameter  of  1.  5 
meters  and  a  length  of  three  meters. 
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Normal  practice  dictates  that  the  concrete  for  the  monuments 
and  pillars  be  poured  and  then  at  least  six  months  be  allowed  to  pass 
before  calibration  is  begun.  At  the  time  of  calibration,  the  monument 
brass  plates  should  be  attached  and  the  upper  five  inches  of  the  pillars 
be  poured.  This  surface  layer  of  concrete  will  contain  all  of  the 
desired  mounting  bolts  and  brackets.  For  an  excellent  description  of 
important  construction  procedures,  the  reader  is  referred  to  the 
"Loenermark"  reference  which  was  cited  earlier  in  this  section. 

b.  Method  of  Calibrating  the  Range 

A  theoretical  analysis  has  been  performed  regarding  the 
attainment  of  the  contract  angular  accuracy  requirements  of  0.  2  arc 
seconds  (sexagesimal)  in  the  measurement  of  horizontal  angles.  An 
accuracy  of  0.  1  arc  seconds  is  a  desired  design  goal.  The  results  of 
the  analysis  for  horizontal  angles  are  verified  from  published  results 
of  a  recent  high  accuracy  survey  performed  by  the  USC  and  GS  (12) 

Little  technical  difficulty  is  anticipated  in  achieving  the 
accuracy  objective.  The  Kern  Instrument  Co.  of  Switzerland  indicates 
that  their  theodolite  DKM-3  provides  a  least  count  of  0.  5  seconds  and 
estimation  of  0.05  seconds.  This,  however,  may  be  misleading  in 
some  cases  since  the  justification  for  such  refined  read-out  lies  in 
the  use  of  proper  field  procedures  coupled  with  suitable  data  reduction 
techniques.  For  this  purpose,  the  USC  and  GS  has  established  speci¬ 
fications  for  several  levels  of  survey  accuracy.  The  best  of  these 
levels  of  survey  is  termed  "First  Order."  Recently,  this  has  been 
further  broken  down  into  accuracy  or  order  classes.  For  the  purposes 
of  this  analysis,  the  old  classification  will  be  used  permitting  use  of 
the  actual  field  results  obtained  by  the  USC  and  GS  while  engaged  in 
"First  Order"  triangulation  over  a  period  of  thirty  years. 
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The  "First  Order"  specification  states,  .  .the  average 
closure  of  the  triangles  shall  seldom  exceed  one  second.  "(13)  This 
may  be  taken  to  mean  that  .+  1  second  of  arc  is  twice  the  probable 
error  representative  of  triangle  closure  using  first  order  procedures. 
Assuming  the  facility  specification  of  0.2  seconds  is  also  in  terms 
of  probable  error,  an  analysis  may  be  made  of  the  errors  in  horizon¬ 
tal  angle  measurement  which  will  indicate  tentatively  the  necessary 
level  of  field  effort  to  achieve  the  required  accuracy. 

Triangle  closure  error  in  triangulation  is  defined  as: 

W£  =  180°  -  a  -  (3  -  y  +  e 


where: 

a,  p,  y  ~  interior  spherical  angles 
e  ~  spherical  excess 

~  triangle  misclosure 

For  the  purposes  of  this  analysis  it  is  the  error  in  any  one  of 
the  spherical  angles  that  is  of  interest.  Assuming  all  angles  of  the 
triangle  are  measured  with  equal  precision  and  taking  the  probable 
error  of  misclosure  (PEW)  from  the  experience  of  the  USC  and  GS, 
the  probable  error  in  the  angle  (PEA)  may  be  computed  from: 


PEA 


PEW 


±  0.  5 


±  0. 29  seconds 


This  result  may  be  expected  for  one  complete  station  occupation  as 
accomplished  by  the  field  crews  of  the  USC  and  GS  usually  during  the 
course  of  one  evening.  For  this  purpose,  a  Wild  T-3  or  equivalent 
theodolite  is  used  employing  the  mean  values  of  sixteen  sets  of  direct 
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and  reverse  observations.  For  achieving  the  accuracy  required  here, 
an  estimate  may  be  made  as  to  the  number  of  reoccupations  of  the 
station  that  will  be  required. 

PEA 

Required  accuracy  =  .. 


where:  N  ~  number  of  required  reoccupations 

Based  on  the  above  assumptions,  the  station  would  require 
reoccupation  two  times  preferably  with  different  instruments  and  on 
different  nights  to  achieve  the  required  0.2  arc  seconds.  To  achieve 
the  goal  of  0.  1  arc  seconds  may  require  nine  reoccupations  with 
perhaps  six  different  theodolites  on  as  many  nights.  All  errors  are 
in  terms  of  probable  errors. 

The  foregoing  analysis  has  been  developed  from  the  specifi¬ 
cations  and  general  experience  of  the  USC  and  GS.  It  is  also  of  inter¬ 
est  to  compare  the  above  general  procedural  recommendations  to  the 
results  obtained  by  a  specific  survey  and  the  methods  that  were  used 
to  obtain  the  results.  During  the  spring  and  summer  of  i960,  the 
Coast  Survey,  at  the  request  of  AFMTC  (Patrick),  performed  a  survey 
with  the  unique  accuracy  specification  of  one  part  in  400,  000  over  an 
area  of  45  by  90  miles.  For  this  task  the  Geodimeter  Model  2A  and 
the  Wild  T-3  were  used.  Of  particular  interest  here  are  the  accuracy 
estimates  after  adjustment  of  the  observed  angles.  (12)  The  probable 
error  of  one  observation  was  found  to  be  +_  0.  21  seconds  which  agrees 
favorably  with  the  above  estimate  of  _+  0.  29  second^  derived  from 
general  experience.  It  is  recognized  that  the  actual  result  is  anostrori 
and  has  been  subject  to  some  refinement  due  to  observational  procedures. 
For  instance,  due  to  horizontal  refraction,  horizontal  angles  cannot  be 
depended  on  to  an  accuracy  in  excess  of  +  0.  5  seconds.  Accordingly, 
several  nights  of  observations  are  required. 
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Using  the  field  observation  instructions  for  triangulation  that 
were  prepared  especially  for  the  AFMTC  requirements  and  extending 
them  to  the  task  at  hand,  a  set  of  field  instructions  are  presented 
below  designed  to  achieve  the  ih  0.  2  seconds  and  _+  0.  1  seconds  require¬ 
ments. 


c.  Instructions 


In  general,  lines-of- sight  should  be  at  least  one  mile  in 
length.  Collimation  of  both  the  instrument  and  the  targets  should  be 
checked  both  before  and  after  each  observational  set  to  assure  _+  2.  0 
mm  accuracy  for  the  0.  2  seconds  task  and  1. 0  mm  accuracy  for  the 
0.  1  seconds  task. 

Field  notes  should  contain  a  listing  of  party  members,  instru¬ 
ment  numbers,  description  of  weather  including  wind  direction  and 
magnitude,  temperature  and  general  sight  conditions.  All  observations 
should  be  made  at  a  time  when  there  is  relatively  little  heat  transfer 
between  the  earth's  surface  and  the  atmosphere.  This  will  often  occur 
on  a  cloudy  night  following  a  cloudy  day.  On  clear  days  it  will  occur 
near  sunrise  and  sunset.  Not  more  than  one  set  of  observations  is  to 
be  made  during  any  one  night.  A  set  will  consist  of  at  least  sixteen 
positions.  Special  care  should  be  taken  in  leveling  the  instruments. 

Quoting  from  the  USC  and  GS  instructions  (12)  "The  observers 
should  be  cautioned  not  to  hurry  their  observations,  but  to  be  parti¬ 
cularly  careful  in  obtaining  precise  pointings.  Everything  that  may 
work  against  precision  in  observations  shall  be  avoided  and  nothing 
reasonable  that  will  be  favorable  to  accuracy  of  results  shall  be 
overlooked.  " 

To  achieve  the  angle  measurements  to  within  a  probable 
error  of  _+  0.  2  arc  seconds,  two  sets  of  sixteen  positions,  each  using 
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different  instruments,  will  be  required.  If  the  difference  of  the  means 
of  the  sets  exceeds  +  0.  5  seconds,  a  third  set  will  be  observed  which 
will  be  meaned  with  the  set  in  best  agreement,  or  with  both  if  approp¬ 
riate.  A  final  angle  will  be  determined  from  the  weighted  mean. 

To  achieve  the  angle  measurements  to  within  a  probable 
error  of  _+  0.  1  seconds,  nine  sets  of  sixteen  positions  each  are  required. 
At  least  three  and  perhaps  six  different  first  order  type  theodolites 
should  be  used  on  six  different  days.  Sets  which  disagree  with  the 
mean  in  excess  of  0.4  seconds  are  to  be  rejected  and  reobserved.  A 
weighted  mean  of  the  sets  will  be  used  as  the  final  adjusted  angle. 

3.  VERTICAL  ANGLE  CALIBRATION  RANGE 


a.  Range  Configuration 

During  the  course  of  the  study  a  number  of  possible  imple¬ 
mentations  for  the  vertical  angle  calibration  facility  were  considered. 
At  one  point  it  was  thought  that  a  system  which  used  the  star  field  as 
its  standard  would  be  best.  Further  analysis  indicated,  however, 
that  this  scheme  had  several  significant  defects. 

Of  course,  all  systems  are  limited  by  'the  effects  of  the  vari¬ 
ation  in  the  refractive  index  of  the  atmosphere.  There  seems  to  be  no 
way  of  accurately  predicting  the  magnitude  of  this  limitation  for  the 
Chase  Lake  site  since  data  obtained  at  other  places  may  not  apply  to 
the  area.  Therefore,  the  facility  configuration  being  suggested  here, 
ignores  the  index  effects  and  it  is  suggested  that  before  any  imple¬ 
mentation  is  carried  out,  a  study  of  the  Chase  Lake  atmospheric 
characteristics  be  made.  By  measuring  air  temperature,  pressure 
and  water  vapor  content  at  appropriate  places  for  relatively  long 
periods  of  time,  data  can  be  obtained,  from  which  refractive  index 


-  66  - 


variations  can  be  calculated.  With  this  information  available,  it  will 
then  be  possible  to  determine  the  sort  of  limitations  these  variations 
impose  on  vertical  angle  measurements. 


The  angle  calibrating  configuration  to  be  recommended  here 
consists  of  an  accurately  measured  baseline  and  a  vertical  tower  as 
shown  in  Figure  5-4.  Optical  targets  similar  to  those  suggested  for 
the  horizontal  angle  facility  are  placed  at  various  places  up  the  side 
of  the  tower.  These  markers  lie  along  a  straight  line  extending  upward 
from  point  B  on  the  ground.  This  line  is  perpendicular  to  the  baseline 
A-B.  The  position  of  a  particular  marker  relative  to  point  A  is  det¬ 
ermined  by  accurately  measuring  the  baseline  length,  R,  and  the  height 
to  the  marker,  d.  An  error  in  positioning  the  marker  will  result  from 
errors  in  measuring  R  and  d  and  the  departure  from  strict  perpendicu¬ 
larity  of  the  lines  A-B  and  B-C.  To  get  an  idea  of  the  sort  of  toler¬ 
ances  which  must  be  placed  upon  these  quantities,  consider  the  situa¬ 
tion  shown  in  Figure  5-5  where  the  departure  from  90°  of  the  angle 
between  A-B  and  B-C  has  been  exaggerated.  The  error  in  the  vertical 
angle,  a  ,  can  be  derived  as  follows: 


a 


=  arc  tan 


d  sin  9 
R  -  d  cos  0 


(  5-1  ) 


8  a 
Td 


_ R  sin  9 

R2  +  d2  -  2Rd  cos  9 


(  5-2  ) 


da 

Tr 


_ d  sin  9 _ 

R2  +  d2  -  2Rd  cos  9 


8  a 
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Rd  cos  9 
2Rd  cos  9 
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Figure  5-4  Vertical  Angle  Measuring  Facility 


Figure  5-5  Geometrical  Relationships  Involved  in  the  Facility  Layout 


For  0  =  90*  these  become: 
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The  total  error  in  a  can  be  expressed  in  terms  of  the  errors 
in  d,  R  and  0  by  the  following  equation: 
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8  a 

Td 
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8  a 

+  Tr 
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8  a 
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m. 


(  5-8  ) 


where  m  ,  m,,  m-,  and  m_  are  the  errors  in  the  determination  of 
a  d  R  0 

the  respective  quantities.  If  the  errors  are  independent,  with  zero 
average  values,  then  the  mean  squared  error  in  a  is  given  by: 


In  terms  of  probable  errors  this  equation  may  be  written  as: 

2  2 

(PE*)2  =  (|f)  (PEd)2  +  (||)  (PER)2  +  (|f)2  (PE0)2  (  5-10  ) 

To  get  an  idea  of  what  sort  of  limitation  this  places  upon  the  range  of 
angles  for  which  the  facility  may  be  used,  let  it  be  assumed  that  the 
probable  error  in  d  is  one  part  in  500,  000  and  that  in  R  is  one  part  in 
a  million.  Therefore: 
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d  meters 


(PEd)  =  2  X  10'6  X 

(PER)  =  1  X  10“6  X  R  meters 

After  some  manipulation,  Equation  5-10  becomes: 

(PEa)2  =  1.25  X  10" 12  sin2  2a  +  (PE0)?sin4a  (5-11) 

If  it  is  further  assumed  that  the  probable  error  in  8  is  0.  5  seconds 
(*2.  5  X  10"6  radians),  then  the  above  equation  becomes: 

(PEa)2  =  1.25  X  10"12  sin2Xa  +  6.25  X  10"12  sin4a  (  5-12  ) 

The  probable  error  in  a  must  not  exceed  0.  2  seconds  and  therefore: 

(PEa)2  =  0.941  X  10-2  radians2 

When  this  value  is  substituted  into  Equation  (5-12)  and  the  result 
solved  for  a,  it  is  found  that  maximum  angle  is  approximately  25°. 
Therefore,  the  range  can  be  used  to  calibrate  vertical  angle  measuring 
equipment  with  an  accuracy  of  0.2  seconds  only  for  angles  between 
0*  and  25°.  If  a  larger  calibration  interval  is  desired,  then  more 
accurate  means  must  be  used  to  measure  R,  d  and  the  angle  6.  It 
should  be  emphasized  again  that  variations  in  the  refractive  index  of 
the  atmosphere  will  probably  provide  even  further  limitations  on  the 
range  of  angles  which  can  be  measured  with  such  high  accuracy. 

Another  limitation  on  the  vertical  angle  range  can  result 
from  practical  constraints  on  the  maximum  tower  height.  For  example, 
if  it  is  assumed  that  the  tower  height  is  limited  to  100  meters,  and 
if  the  measuring  equipment  being  calibrated  has  a  minimum  range  of 
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500  meters,  then  the  maximum  obtainable  angle  will  be  limited  to 
only  11.3  degrees. 

During  calibration  of  the  range,  the  markers  on  the  side  of 
the  tower  will  be  precisely  positioned  and  then  rarely  moved.  Differ¬ 
ent  elevation  angles  will  be  obtained  both  by  using  different  markers 
and  by  changing  the  distance  R.  A  number  of  pillar -monument  com¬ 
binations  should  be  installed  for  this  purpose  at  increasing  distances 
from  the  base  of  the  tower  so  that  a  change  in  elevation  angle  can  be 
obtained  by  moving  the  equipment  under  test  from  one  point  to  another. 

The  measurement  technique  being  recommended  here  uses 
a  baseline,  R,  whose  length  has  been  measured  with  an  accuracy  of 
one  part  in  10^.  It  is  not  suggested  however,  that  this  be  the  same 
line  used  in  the  distance  measuring  facility.  This  facility  should  be 
placed  sufficiently  far  away  from  the  distance  measuring  baseline 
that  it<does  not  interfere  with  the  homogeneous  environment  which 
must  be  achieved  in  that  region.  Since  it  is  anticipated  that  the  verti¬ 
cal  angle  baseline  will  not  exceed  one  kilometer  in  length,  there  are 
many  places  at  the  Chase  Lake  site  where  it  could  be  placed.  No 
specific  recommendation  on  location  is  made  here  but  rather,  this 
decision  should  be  made  when  such  a  facility  is  constructed. 

The  vertical  angle  measuring  facility  will  have  a  number  of 
pillars  and  underground  monuments  and  a  large  tower.  The  tower 
should  be  designed  in  such  a  way  that  its  wind  resistance  and  effect 
on  the  refractive  index  of  the  atmosphere  are  a  minimum.  Of  course, 
it  should  be  as  stable  as  possible.  The  pillars  and  underground  monu¬ 
ments  should  be  similar  to  those  suggested  for  the  horizontal  angle 
facility. 
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SECTION  VI 


SITE  SURVEYS 

The  material  presented  in  this  section  was  written  by  both 
Dr.  Ernest  Muller,  Professor  of  Geology  at  Syracuse  University 
and  Dr.  Robert  Richardson  of  Syracuse  University  Research 
Corporation.  In  addition,  see  Appendix  A  for  a  complete  report  by 
Dr.  Muller  of  the  surface  geology  of  the  Chase  Lake  Site. 

1.  SITE  REQUIREMENTS 

At  the  beginning  of  this  study  it  was  thought  that  the  calibration 
facility  baseline  would  be  approximately  one  kilometer  in  length  and 
could  be  located  relatively  close  to  Rome,  New  York.  It  soon  became 
apparent  however  that  a  considerably  longer  baseline  would  be 
recommended.  This  decision  resulted  principally  from  the  fact  that 
although  all  existing,  electromagnetic  distance  measuring  devices 
could  be  calibrated  on  a  one  kilometer  baseline,  the  dual  wavelength 
optical,  distance  measuring  devices,  which  are  currently  under 
development,  are  expected  to  require  a  minimum  calibration  distance 
of  two  to  three  kilometers.  Since  these  devices  are  expected  to  produce 
more  accurate  distance  measurements  than  presently  available  equip¬ 
ment,  they  will  probably  be  widely  used  in  the  future  and  the  cali¬ 
bration  facility  being  proposed  here  must  be  able  to  accomodate 
them.  As  a  result,  a  baseline  length  requirement  of  at  least  4 
kilometers  (2.  5  miles)  was  established  therebye  eliminating  all 
prospective  sites  which  were  close  to  RADC. 

As  the  study  progressed  other  site  requirements  were 
determined  and  the  final  selection  was  based  upon  those  which  are 
listed  below: 

SITE  REQUIREMENTS 

1)  Location  within  50  miles  of  Rome. 

2)  The  facility  must  be  capable  of  expansion  to  2.  5  miles  in  length 
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if  it  is  not  constructed  this  long  initially. 

3)  The  terrain  must  be  flat  or  capable  of  being  graded  to  a  flat 
condition.  It  does  not  necessarily  have  to  be  level  and  a  small 
slope  can  be  tolerated. 

4)  The  area  surrounding  the  baseline  should  be  homogeneous; 
forested  if  possible. 

5)  The  surface  layer  of  the  soil  and  existing  vegetation  should 
be  of  such  a  character,  that  large  daily  changes  in  surface 
temperature  do  not  take  place. 

6)  The  area  must  be  remote  from  sources  of  vibration,  extreme 
electromagnetic  interference,  fog  and  industrial  air  pollution. 

7)  The  ground  must  be  geologically  stable,  preferably  consisting 
of  gravel  or  coarse  grained  sand  to  a  depth  of  20  or  30  meters. 

The  area  must  be  well-drained  with  the  local  water  table  well 
below  the  surface. 

8)  The  line  should  run  in  the  direction  of  the  prevailing  winds. 

These  requirements  may  be  collected  into  the  three  general 
categories: 

(a)  Requirements  set  by  RADC. 

(b)  Requirements  determined  by  the  devices  to  be  calibrated 
at  the  facility. 

(c)  Requirements  resulting  from  the  study  of  what  characteristics 
an  ideal  calibration  facility  ought  to  have. 

The  requirements  of  categories  (a)  and  (b)  must  be  met,  those 
of  category  (c)  should  be  met  as  nearly  as  possible.  Each  require¬ 
ment  will  now  be  discussed. 

The  first  requirement  belongs  in  category  (a)  and  was 
established  by  RADC  personnel  as  the  maximum  distance  which  it 
would  be  feasible  to  travel  to  get  to  the  facility.  Anything  beyond 
this  would  require  unreasonable  amounts  of  travel  time  and  significantly 
reduce  the  usefulness  of  the  facility. 
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The  second  requirement  belongs  in  category  (b)  and  the 
considerations  upon  which  it  is  based  were  discussed  above. 

All  of  the  remaining  requirements  are  in  category  (c)  and 
have  resulted  from  a  study  of  just  what  characteristics  an  ideal 
calibration  facility  site  ought  to  have.  It  has  been  concluded  that 
an  ideal  location  for  an  outdoor  range  and  angle  calibration  facility 
would  be  in  a  place  remote  from  civilization,  where  the  ground  is 
stable  and  the  above- the -ground  environment  is  uniform  with  respect 
to  time  and  space.  The  ground  stability  is  required  so  that  the  under¬ 
ground  monuments  remain  in  fixed  positions  therebye  maintaining 
range  calibration.  The  uniform  environment  will  result  in  a  constant 
value  of  refractive  index  whose  amplitude  can  be  determined  with  a 
minimum  of  range  instrumentation.  A  constant  value  of  refractive 
index  is  necessary  for  optimum  comparator  performance.  In 
practice,  of  course,  such  an  ideal  site  is  not  obtainable  and  one 
must  content  himself  with  approaching  the  ideal  as  nearly  as  possible 
under  existing  circumstances. 

The  third  requirement  is  related  to  the  desire  for  both  a 
homogeneous  environment  above  the  ground  and  stable  underground 
monuments.  A  level  or  slightly  sloped  region  will  help  produce 
both.  If  the  slope  becomes  large,  however,  the  environment  will 
not  be  homogeneous  and  air  pressure  and  temperature  will  generally 
not  be  uniform  along  the  range.  Furthermore,  such  a  slope  usually 
produces  significant  underground  water  flow  and  this  phenomena 
causes  underground  reference  monuments  to  move.  The  ground 
water  flow  problem  is  also  serious  in  narrow  valleys  which  lie 
between  large  hills  and  therefore  this  sort  of  location  is  to  be 
avoided. 

The  satisfying  of  requirements  four  and  five  will  help  to  make 
the  baseline  a  place  where  temperature  changes  and  therefore 
refractive  index  changes  with  respect  to  distance  and  time  are 
minimized.  It  is  a  matter  of  human  observation  that  daily  temperature 
variations  are  usually  considerably  less  in  a  forest  than  in  an  open 
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field.  This  phenomenon  is  particularity  noticeable  on  a  hot  summer 
day  or  a  cool  spring  or  autumn  evening.  Furthermore,  trees 
provide  protection  from  the  wind.  On  the  other  hand,  since  the 
range  is  intended  for  the  calibration  of  microwave  as  well  as 
optical  equipment,  trees  cannot  be  allowed  to  exist  too  close  to  the 
baseline  or  multipath  reflections  will  interfere  with  equipment 
operation.  Ideally,  the  baseline  should  be  located  in  a  corridor 
through  a  forest  of  large  trees.  The  width  of  the  corridor  should 
be  the  minimum  value  allowable  without  reducing  the  ability  of  the 
facility  to  handle  microwave  equipment.  If  a  site  without  surrounding 
forests  is  used,  the  periods  of  time  when  the  line  may  be  calibrated 
and  used  may  be  more  limited  than  for  a  forested  site. 

It  should  also  be  mentioned,  that  cutting  a  reasonably  wide, 

2. 5  mile  corridor,  through  a  dense  forest  of  large  trees  can  be  a  very 
costly  job.  The  Finns  have  constructed  some  of  their  baselines  in 
such  an  environment  where  they  took  advantage  of  tree  plantations 
with  trees  already  growing  in  long,  straight  rows.  Since  they  were 
interested  principally  in  calibrating  invar  tapes,  a  corridor  of 
minimum  width  was  cut.  The  well-known  Nummela  baseline  is 
placed  in  a  corridor  which  is  only  about  four  meters  wide. 

If  the  prospective  site  is  forested,  then  requirement  five 
normally  will  be  satisfied.  If  an  acceptable  forested  region  cannot 
be  found,  and  that  is  what  has  happened  for  this  study,  then  require¬ 
ment  five  becomes  quite  important.  In  such  a  case  we  must  rely  on 
the  surface  layer  of  soil  and  the  existing  vegetation  to  help  minimize 
temperature  variations  of  the  atmosphere.  This  will  occur  when  the 
daily  temperature  variation  of  the  surface  layer  is  as  small  as 
possible.  Since  the  temperature  of  a  body  is  proportional  to  its  heat 
content,  we  would  like  to  have  the  daily  variation  of  heat  content 
of  the  soil  be  as  small  as  possible.  This  characteristic  for  various 
surface  conditions  has  been  investigated  by  micrometeorologists  and 
the  following  table  published  in  the  literature  (14): 
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Table  6-  1 . 


I 


DAILY  VALUES  OF  THE  VARIATION  OF  HEAT  CONTENT 
OF  THE  SURFACE  LAYERS  OF  THE  SOIL 


Type  of  country 

AH,  g-cal 

Woods,  sandy  or  moorland  soil  (summer) 

15-24 

Moorland  meadow  (summer) 

33-43 

Sandy  soil,  bare  (summer) 

95-105 

Sandy  soil,  bare  (fall) 

27-42 

Sandy  soil,  grass-covered  (summer) 

52-67 

Rock  (granite) 

128 

On  the  basis  of  this  data,  rock  or  bare  sand  would  be  least 
desirable  and  woods  with  sandy  or  moorland  soil  the  most  desirable. 
The  seasonal  variation  should  be  noted.  A  range  with  bare  sand  in 
the  fall  would  be  better  than  a  grass  covered  sandy  surface  in  the 
summer.  It  is  to  be  expected  however,  that  a  grass  covered  surface 
would  be  better  than  a  bare  sandy  surface  when  compared  at  the 
same  time  of  year. 

The  sixth  requirement  has  two  parts.  Earth  shock  and 
vibration  must  be  avoided  so  that,  once  measured,  the  baseline 
remains  in  calibration  for  a  reasonable  amount  of  time.  Also, 
stable  conditions  are  a  necessity  during  line  calibration  operations. 
Fog  must  be  avoided  so  that  the  line  may  be  used  to  calibrate  devices 
operating  in  the  visible  range.  Air  pollution  will  cause  a  variation 
in  the  refractive  index  of  the  atmosphere  which  cannot  be  easily 
measured  and  corrected  for.  It  therefore  cannot  be  tolerated. 

Since  the  facility  will  be  used  to  calibrate  devices  operating  in  the 
microwave  region,  it  must  be  located  in  an  area  remote  from 
sources  which  produce  interferring  signals. 
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The  seventh  requirement  is  based  almost  completely  on  the 
experience  of  the  Finns.  Heiskanen  has  written  (3): 

"The  location  of  standard  base  line  must  be  chosen  carefully. 
For  instance  rock  ground  can  not  be  considered  stable,  when  distances 
are  to  be  measured  with  a  very  high  degree  of  accuracy.  This  is 
easy  to  understand  when  we  think  that  the  rock  is  always  split  up 
into  blocks  and  that  stone  has  a  relatively  high  temperature  dilation 
coefficient.  Thus,  the  direction  in  which  the  mark  moves  depends 
on  the  corner  of  the  block  in  which  the  bolt  is  fastened.  Clay  soil 
is  most  unsuitable.  The  marks  move  after  rain  and  during  winter 
because  of  frost.  The  best  would  be  horizontal  gravel  soil  of  10  m 
thick  or  so.  The  Nummela  standard  base  line  is  on  25  m  thick 
moraine  gravel  bed. 11  The  undesirability  of  clay  soil  is  confirmed 
by  the  experience  at  Mansfield,  Ohio  baseline  where  the  poor  drainage 
of  the  clay  soil  has  produced  flooding  around  the  underground  monu¬ 
ments  at  certain  times  of  the  year.  The  monuments  have  been 
observed  to  move  during  such  flooding.  Our  consultant,  Dr.  T.  J. 

II 

Kukkamaki,  has  stated  that  sand  is  excellent  for  baseline  construction 
if  sufficiently  coarse  that  water  can  easily  penetrate.  This  statement 
is  true  from  a  stability  of  the  soil  point  of  view.  Since  the  Finns  have 
used  their  baselines  mainly  for  the  calibration  of  invar  tapes,  they 
have  not  been  concerned  with  refractive  index  variations  except  during 
calibration  which  is  carried  on  at  infrequent,  specially  selected  times. 
For  a  baseline  to  be  used  for  the  calibration  of  electromagnetic 
distance  measuring  equipment,  the  deleterious  effects  of  a  sandy 
surface  layer  on  the  stability  of  the  refractive  index  of  the  atmosphere 
must  be  considered. 

The  eight  requirement,  which  is  probably  the  least  important, 
is  also  based  on  the  experience  of  the  Finns.  They  have  found  that 
the  refractive  index  is  most  uniform  when  atmospheric  conditions 
are  optimum  and  there  is  a  slight  breeze  travelling  down  the  base¬ 
line.  Such  a  breeze  tends  to  prevent  local  anomalies  in  temperature 
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from  developing  and  is  most  likely  to  occur  on  a  baseline  oriented  in  the 
direction  of  the  prevailing  winds. 

In  this  section  the  requirements  for  the  ideal  calibration  facility 
site  have  been  presented.  In  the  next  section  we  will  discuss  the  two  sites 
which  have  been  found  to  most  nearly  satisfy  these  requirements. 

2.  DISCUSSION  OF  POSSIBLE  SITES 

The  amount  of  time  and  effort  required  to  find  sites,  which  satisfy 
the  requirements  presented  in  the  preceding  section,  was  substantial  and 
considerably  greater  than  anticipated  at  the  beginning  of  the  study.  Initial 
efforts  toward  location  of  one  or  more  sites  suitable  for  establishment  of 
the  facility  were  localized  in  close  proximity  to  Rome.  Potential  sites 
were  sought  on  the  Rome  Sand  Plains,  along  the  right  of  way  of  the  abandoned 
New  York,  Ontario  and  Western  Railroad,  and  near  Camden.  Particular 
attention  was  directed  to  an  area  directly  northwest  of  the  RADC  Camden 
Test  Annex. 

When  all  sites  near  Rome  proved  unsuitable  for  one  reason  or  another, 
the  area  of  search  was  extended  to  include  all  of  the  region  lying  in  a  circle 
centered  at  RADC  and  having  a  radius  of  50  miles.  All  of  the  U.S.  Geo¬ 
logical  Survey  topographical  maps  covering  this  area  were  carefully  exa¬ 
mined.  The  contour  lines  on  these  maps  made  it  possible  to  locate  flat 
areas  where  2.  5  mile  baselines  might  be  constructed.  In  all,  sixteen  addi¬ 
tional  prospective  sites  were  found  and  each  was  subsequently  visited.  All 
but  two  of  the  sites  were  unacceptable.  The  two  which  showed  promise  were 
located  near  Chase  Lake  in  Lewis  County  and  near  Forestport  in  Oneida  and 
Herkimer  Counties.  It  turned  out  however,  that  further  investigation  showed 
the  Chase  Lake  site  to  be  considerably  more  desirable  than  the  Forestport 
site.  For  this  reason,  most  of  the  effort  in  the  final  stages  of  sitt 
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selection  was  directed  toward  learning  as  much  as  possible  about 
the  Chase  Lake  site.  Since  it  is  felt  however,  that  an  alternative 
location  should  be  described,  we  will  briefly  discuss  the  Forestport 
location  before  proceeding  to  a  comprehensive  treatment  of  the 
Chase  Lake  region. 

a.  Characteristics  of  the  Forestport  Site 

This  area  is  located  about  six  miles  east  of  Forestport, 
New  York  and  about  one  mile  south  of  the  Forestport  Loran  Station 
which  is  operated  by  RADC.  One  of  the  attractive  characteristics 
of  the  site  is  its  proximity  to  this  Air  Force  facility  which  is  approx¬ 
imately  24  miles  from  RADC.  The  possible  baseline  location  is 
shown  on  the  map*  of  Figure  6-1  and  consists  of  a  long,  narrow 
platteau  which  is  between  two  valleys.  At  the  northeast  end  of  the 
platteau  there  is  a  steep  hill  which  rises  160  ft  above  the  flat  area. 
This  site  satisfies  requirements  1,  4  and  5  very  well.  It  will  not 
meet  requirement  2,  however,  since  it  is  not  large  enough  to 
accomodate  a  2. 5  mile  baseline.  How  well  it  meets  the  "flat  terrain" 
requirement  is  still  not  definitely  known.  The  forest  in  the  area  is 
very  dense  and  only  a  small  part  of  the  region  can  be  observed  at 
any  one  time.  Therefore,  although  the  platteau  appears  to  be  quite 
flat,  significant  departure  from  such  a  condition  could  exist  over  a 
distance  of  a  mile  or  more  and  not  be  detected  by  the  human  eye. 

If  this  site  were  to  be  given  serious  consideration,  an  accurate 
survey  should  be  carried  out  to  determine  its  flatness  characteristics. 

From  the  point  of  view  of  requirement  4,  the  forest  is  desir¬ 
able,  but  the  trees  are  large  and  it  would  be  a  relatively  costly  job 
to  cut  a  corridor  through  them  for  the  baseline.  The  homogeneous 
environment  part  of  this  requirement  could  be  fully  met  providing 
the  baseline  is  not  allowed  to  closely  approach  the  steep  hill  at  the 
northeast  end  of  the  platteau. 


❖Copied  from  NORTH  WILMURT  7-1/2'  topographic  map, 
UtJUS,  1 :24, 000  Series . 
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Figure  6-1  Map  of  Forestport  Area  Showing  Prospective  Baseline 
Location 


With  the  exception  of  the  electromagnetic  interference 
portion,  all  of  requirement  6  is  easily  met  at  this  location.  The 
effect  of  signals  being  radiated  by  the  Forestport  Loran  facility 
on  baseline  instrumentation  and  microwave  devices  under  test  is 
difficult  to  predict  but  it  is  expected  that  they  could  cause  undesirable 
interference.  The  characteristics  of  these  radiations  together  with 
their  periods  of  transmission  are  well-known  to  our  sponsor  who 
operates  the  facility.  We  therefore  have  not  investigated  this  aspect 
of  the  problem  to  any  great  degree. 

Requirement  7  is  met  by  this  site  providing  the  baseline  is 
not  allowed  to  extend  too  close  to  the  road  on  the  southwest  end  or  to 
the  steep  hill  on  the  northeast  end.  Both  of  these  regions  are  poorly 
drained  and  surface  water  puddles  have  been  found  there.  The  north¬ 
east  end  is  particularly  vulnerable  to  this  effect  when  the  snow  melts 
in  the  spring  and  large  amounts  of  water  flow  down  the  steep  hill  and 
onto  this  end  of  the  platteau. 

Since  the  proposed  line  runs  at  an  approximate  azimuth  of 
45°  and  the  prevailing  winds  are  at  90°,  requirement  8  is  partially 
met  at  this  location. 

To  sum  up,  the  principle  attributes  of  this  prospective  site 

are: 

a)  Relatively  close  to  RADC. 

b)  Within  one  mile  of  an  existing  RADC  facility. 

c)  Satisfies  some  of  the  site  requirements  established  in  the 
preceding  section. 

The  deficiencies  of  this  site  are: 

a)  The  baseline  length  is  limited  to  a  maximum  of  1 . 6  miles 
(2.6  kilometers). 

b)  Degree  of  surface  flatness  is  not  definitely  known. 

c)  Cost  of  clearing  forest  could  be  large. 

d)  Electromagnetic  interference  from  the  Forestport  Loran 
station  could  be  serious. 
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In  the  judgment  of  this  author,  the  Chase  Lake  site  is  a  far 
better  choice  and  the  remainder  of  this  section  will  be  devoted  to  a 
discussion  of  this  area. 

b.  Characteristics  of  the  Chase  Lake  Site 
(1)  Accessibility  and  Development 

The  Chase  Lake  site  is  36  airline  miles  north  of  Rome 
and  just  over  40  miles  by  way  of  West  Leyden,  Constableville,  Lyons 
Falls  and  Greig  (Figure  6-2).  It  is  in  the  southeastern  corner  of  the 
Lowville  quadrangle  and  the  northeastern  corner  of  the  Port  Leyden 
quadrangle  of  the  U.S.  Geological  Survey  1:62,  500  topographic  map 
series.  The  area  has  not  yet  been  covered  by  the  current  U.S. 
Geological  Survey  1:24,000  map  series.  Because  the  maps  date  from 
surveys  of  1910- 1911  and  1904-1905,  respectively,  the  culture  is 
partly  outdated  and  the  maps  are  less  accurate  than  recent  maps 
based  on  air  photography.  A  composite  map  of  the  area,  obtained 
by  copying  parts  of  four  geological  survey  maps  is  shown  in 
Figure  6-3.  It  has  been  found  that  many  errors  exist  in  the  topo¬ 
graphy  presented  on  these  maps.  For  example,  the  large  kettle  shown 
1. 1  miles  southwest  of  Sand  Pond  does  not  exist.  There  is  a  slight 
depression  along  the  southeastern  edge  of  this  particular  region  but 
nothing  with  the  area  or  depth  indicated  on  the  map.  Also,  the 
relatively  large  pond  shown  close  to  the  northwest  edge  of  Little 
Otter  Lake,  was  not  indicated  on  the  map  but  was  added  by  SURC 
personnel.  The  pond  is  located  in  a  kettle  of  significant  depth  which 
also  was  not  shown  on  the  map. 

Presently  access  to  the  site  is  by  unpaved,  single  lane  auto 
trail  from  the  Chase  Lake  Road  toward  Sand  Pond,  or  by  similar 
trail  from  the  end  of  the  Nortonville  Road.  In  places  trails  not 
shown  on  the  map  lace  the  flat  woodland  of  the  sand  plain  which  in 
the  dry  months  can  be  traversed  quite  readily  with  or  without  trail. 

The  area  is  almost  completely  undeveloped  and  parts  are 
under  state  ownership.  Many  farm  dwellings  shown  on  the  Lowville 
and  Port  Leyden  sheets  at  the  time  of  survey,  50  years  ago,  no 
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(0)  CHASE  LAKE  AREA 


Figure  6-2  Road  Map  of  Region  from  Rome  to  Chase  Lake 
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longer  exist.  On  the  other  hand,  resort  development  has  commenced 
around  some  of  the  larger  and  more  attractive  lakes.  The  area  in 
the  immediate  vicinity  of  the  proposed  alignment  is  essentially  devoid 
of  year  around  habitation  and  with  very  few  summer  cabins.  Single 
cabins  exist  on  Hinchings  Pond,  and  Little  Otter  Lake  and  a  larger 
number  on  Sand  Pond  where  a  Boy's  Club  from  Carthage,  New  York 
operates  Camp  Mohawk  as  a  summer  camp.  Other  clusters  of  resort 
cabins  have  been  built  in  the  vicinity  of  Chase  Lake  and  the  Hiawatha 
Lakes  within  a  mile  of  the  southwest  end  of  the  proposed  alignment. 

(2)  Topography 

The  Chase  Lake  site  is  located  in  an  essentially  undis¬ 
sected  remnant  of  the  Port  Leyden  lacustrine  sand  plain,  bounded  on 
the  southeast  and  south  respectively  by  Little  Otter  and  Otter  Creeks, 
on  the  west  by  the  Chase  Lake  kettle  alignment,  on  the  north  by  an 
area  of  kettle-pitted  sand  plain,  and  on  the  east  by  the  Adirondack 
foot-hills  projecting  above  the  plain. 

An  optimal  alignment  for  the  proposed  baseline,  selected  on 
14  September  1967  by  Dr.  Robert  Richardson  (SURC)  and  Mr.  Donald 
Zulch  (RADC),  trends  N  55  E,  passing  within  200  yards  of  Sand  Pond 
as  shown  in  Figure  6-4.  At  its  southwest  end  the  alignment  is  at  an 
elevation  of  approximately  1270  feet.  For  two  miles  northeastward 
the  plain  is  almost  horizontal  along  the  proposed  baseline.  A  broad, 
shallow  depression,  less  sharply  defined  than  is  suggested  by  the 
contours,  is  centered  southeast  of  the  baseline  0.4  miles  from  its 
southwest  end.  A  broad,  open  swale  draining  south  to  Little  Otter 
Creek  heads  within  200  yards  of  the  kettle  occupied  by  Sand  Pond, 
but  is  relatively  shallow  and  narrow  at  the  proposed  alignment. 
Approximately  2  miles  from  the  southwest  end  of  the  alignment  the 
regional  slope  increases  to  15  to  20  feet  per  mile,  but  without 
marked  irregularity. 

Extension  of  the  proposed  alignment  southwestward  is 
prevented  by  gully  dissection  toward  the  Hiawatha -Chase  Lake  kettle 
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Figure  6- 4 


Map  of  Chase  Lake  Area  Showing  Topographic  Relationships 
and  Proposed  Baseline  Alignment 
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alignment.  Northeastward  extension  of  the  alignment  beyond  a 
length  of  3.0  miles  encounters  minor  topographic  irregularity. 

With  the  exception  of  the  swale  near  Sand  Pond,  the  area  being 
considered  for  the  baseline  is  relatively  flat  and  should  make  a 
fine  baseline  location. 

(3)  Soil  and  Subsoil  Materials 

This  aspect  of  the  site  is  treated  in  considerable  detail 
in  Appendix  A.  The  dominant  surface  soil  material  is  medium  to 
coarse  sand.  The  area  is  well  drained  and  geological  studies 
indicate  that  bedrock  is  probably  more  than  20  to  30  meters  below 
the  surface  over  most,  if  not  all,  of  the  proposed  line. 

(4)  Vegetation 

Low  brush  and  second  growth  cover  most  of  the  Chase 
Lake  area,  apparently  taking  over  from  abandoned  farm  and  pastureland 
or  after  the  forest  fire  which  occurred  about  1917.  Mature  forest  is 
completely  lacking  although  very  old,  charred  stumps  as  much  as  six 
feet  in  diameter  have  been  found  in  the  immediate  area.  Patches  of 
open  forest  and  park  land  are  composed  of  scattered  spruce  and  pine 
among  dominant  aspen,  maple,  cherry  and  other  hardwoods.  Soft¬ 
wood  plantation,  of  the  cover  type  that  would  assure  maximum 
homogeneity,  is  of  very  limited  extent  in  the  area. 

In  the  immediate  area  of  the  proposed  facility,  the  vegetation 
consists  principally  of  grass,  low  bushes  and  Bracken  Ferns.  The 
area  is  dotted  with  spruce,  White  Pines,  a  few  small  clumps  of  aspens, 
maples  and  other  hardwoods.  A  typical  aerial  photograph  of  the  area 
is  shown  in  Figure  6-5.  It  was  taken  during  the  winter  and  covers  the 
region  south  and  southeast  of  Sand  Pond.  The  pictures  of  Figure  6-6 
show  some  of  the  same  area  and  were  taken  from  the  ground  during 
the  summer. 

For  most  of  the  length  of  the  proposed  baseline,  homogeneous 
vegetation  conditions  can  be  easily  obtained  by  removing  the  few 
scattered  trees.  The  exception  to  this  statement  occurs  at  the  extreme 
southwest  end  of  the  line  where  a  light  forest  of  medium  sized  hard- 
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AREA  BETWEEN  HUTCHINGS  POND  AND  LITTLE  OTTER  LAKE  NEAR 
HITCHINGS  POND  LOOKING  SOUTHEAST 


OPEN  AREA  WEST  OF  LITTLE  OTTER  LAKE 

Figure  6-6  Pictures  of  the  Proposed  Chase  Lake  Calibration  Facility 
Site 
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woods,  principally  Black  Cherry,  Beech  and  maple,  exists.  Fora 
2.5  mile  baseline,  very  little  of  this  area  would  be  used. 

(5)  Other  Characteristics  of  the  Site 

Electric  power  lines  presently  extend  to  Sand  Pond 
and  to  the  Hiawatha  Ponds.  Facility  power  would  have  to  be  obtained 
from  one  of  these  two  places  and  present  Niagara  Mohawk  price 
schedules  for  such  service  provide  for  500  feet  per  customer  of  free 
transmission  lines.  For  all  line  length  beyond  this  there  is  a  charge 
of  $1. 50  per  foot  initially  plus  $0.  18  per  foot  in  annual  surcharge. 
These  are  average  rates  for  installation  of  low  revenue  lines  in 
ordinary  territory.  If  large  amounts  of  power  are  used,  then  the 
surcharge  is  reduced.  If  dense  forests  must  be  cleared,  or  if  rights 
of  way  become  expensive,  then  the  cost  to  the  customer  is  increased. 
The  map  of  Figure  6-7  shows  the  termination  points  of  existing  power 
lines  together  with  the  locus  of  points  which  are  a  half  mile  and  one 
mile  from  them.  Of  course,  a  customer  may  run  his  own  lines  over 
territory  which  he  owns  or.  leases.  In  this  case  he  pays  the  power 
company  for  service  only  up  to  his  property  line.  If  great  distances 
are  involved,  however,  the  transmission  must  be  carried  out  at  high 
voltage. 

An  investigation  of  state  land  ownership  was  carried  out  and 
the  results  are  shown  by  the  map  of  Figure  6-8.  It  can  be  seen  from 
the  figure  that  much  of  the  land  being  considered  belongs  to  New  York 
State  and  lies  within  the  Adirondack  Park  Forest  Preserve.  Therefore, 
the  use  of  this  region  will  depend  upon  making  adequate  arrangements 
with  the  state.  It  is  the  understanding  of  the  author  that  in  the  past 
RADC  has  been  able  to  acquire  state  owned  land  for  construction  of 
remote  installations.  The  remainder  of  the  land  is  privately  owned 
and  since  it  is  of  relatively  little  value,  it  should  not  be  expensive  to 
acquire. 

c.  Chase  Lake  Site  and  the  Site  Requirements 

In  part  1  of  this  Section  a  group  of  eight  site  require¬ 
ments  were  described.  In  this  portion  of  the  report  we  will  consider 
how  well  the  Chase  Lake  site  meets  these  requirements. 


-  90  - 


Figure  6-7  Map  Showing  Termination  of  Existing  Electric  Power  Lines 
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■  STATE  OWNED  LAND 

OUTSIDE  ADIRONDACK  PARK 


Figure  6-8  Map  Showing  Land  Owned  by  New  York  State 
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Requirement  1  is  satisfied  since(the  site  is  located  approxi¬ 
mately  40  highway  miles  from  RADC. 

There  are  a  number  of  possible  baseline  alignments  which 
could  be  made  2.5  miles  long  thereby  satisfying  requirement  2. 

Up  to  4.0  miles  could  be  used  if  necessary,  with  some  departure 
from  maximum  surface  flatness  and  vegetation  homogeneity. 

The  flatness  of  the  terrain  is  one  of  the  region's  most 
desirable  attributes.  With  the  exception  of  the  small  depression 
near  Sand  Pond,  it  is  very  flat,  a  characteristic  which  is  clearly 
observable  because  of  the  lack  of  forests  over  most  of  the  area. 

The  region  around  the  proposed  line  is  a  large  plain  which 
can  be  made  quite  homogeneous  by  removing  the  small  number  of 
scattered  trees.  The  desire  for  forested  surroundings  must  be 
abandoned  for  this  site  and  instead  the  homogeneity  demanded  by  the 
fourth  requirement  must  be  established  by  removing  the  sparse  tree 
population. 

Requirement  5  is  not  well  satisfied  by  this  site.  The  sandy 
soil  covered  by  grass,  bushes  and  ferns  will  exhibit  relatively  large 
daily  variations  in  temperature  which  may  somewhat  reduce  the  use¬ 
fulness  of  the  line.  During  the  final  site  survey  trip,  significant 
air  turbulence  was  noticed  to  exist  in  the  area  when  under  the  hot  sun. 
At  the  time,  some  of  the  surface  vegetation  in  the  area  had  been  killed 
by  frost  and  consisted  of  dried  leaves  and  ferns.  Of  course,  precise 
measurements  are  never  attempted  under  such  atmospheric  conditions 
and  it  is  not  known  to  what  extent  daytime  heating  of  the  surface  would 
be  likely  to  cause  intolerable  air  turbulence  at  night  as  well.  Perhaps 
this  situation  could  be  somewhat  remedied  by  planting  a  different 
form  of  vegetation  along  the  line.  Of  course,  this  effect  would  not 
occur  on  cloudy  days. 

Since  the  area  is  dry  and  relatively  remote  from  civilization 
it  satisfies  requirement  6  very  well. 
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The  Geologist's  report  in  Appendix  A  indicates  that  require¬ 
ment  7  is  satisfied.  Also*  SURC  and  RADC  personnel  visited  the 
area  during  the  spring  snow  thaw  and  found  absolutely  no  evidence 
of  flooding.  The  area  is  very  well  drained  and  no  water  table 
problems  are  likely  to  occur. 

Since  the  prevailing  winds  are  westerly,  requirement  8  is 
not  completely  satisfied.  For  an  open  area,  such  as  we  have  here, 
this  requirement  is  of  relatively  little  importance,  however. 

At  the  outset  it  was  agreed  that  any  existing  site  would 
probably  not  meet  all  site  requirements  completely.  As  discussed 
above,  the  Chase  Lake  site  meets  most  of  them  in  an  adequate  way 
and  the  remainder  to  a  tolerable  extent.  The  most  serious  short¬ 
coming  of  the  site  is  the  unforested  sandy  soil  and  its  effect  upon 
air  turbulence  when  illuminated  by  the  hot  sun.  The  worst  that  this 
phenomena  can  do  is  to  make  the  site  unusable  for  precise  measure¬ 
ments  on  some  sunny  summer  days  and  perhaps  the  following  nights. 

On  the  her  hand,  since  such  days  constitute  only  a  relatively  small 
part  of  the  year,  this  limitation,  if  it  exists  at  all,  is  not  thought  to 
be  too  serious  and  the  Chase  Lake  site  described  herein  is  recommended 
as  the  best  choice  within  50  miles  of  RADC. 
d.  Other  Considerations 

It  will  be  noted  that  relatively  little  has  been  said 
in  this  section  about  the  angle  calibration  part  of  the  facility.  From 
the  beginning  of  the  study,  it  was  obvious  that  the  baseline  and  the 
distance  measuring  aspects  of  the  project  were  by  far  the  most 
important.  As  a  result,  the  site  selection  criteria  was  based  to  a 
large  extent  upon  baseline  considerations.  Of  course,  the  need  for 
a  place  for  the  angle  facility  was  not  completely  ignored  and  it  turns 
out  that  there  is  adequate  space  at  the  Chase  Lake  site  for  an  angle 
calibration  facility.  The  requirements  for  this  facility,  together 
with  a  suggested  lay-out  at  Chase  Lake,  are  included  in  Section  V 
which  is  devoted  entirely  to  the  angle  aspects  of  the  study. 
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To  make  this  Section  complete,  it  should  be  acknowledged,  that 
considerable  help  in  making  the  site  selection  was  provided  by- 
Mr.  Robert  Cracknell  of  RADC.  His  geodetic  and  geological  knowledge 
and  experience  in  work  of  this  kind  were  brought  to  bear  on  the  problem. 
His  patience  in  examining  a  large  number  of  sites,  most  of  which  has  to 
be  rejected,  prevented  this  aspect  of  the  job  from  becoming  unpleasant. 


-  95  - 


SECTION  VII 


MANSFIELD  EXPERIMENTS 


1.  INTRODUCTION 


At  the  beginning  of  this  contract,  no  experimental  work  was  an¬ 
ticipated,  but  as  the  study  progressed,  a  number  of  ideas  and  techniques 
were  developed  for  which  experimental  verification  was  highly  desirable. 
In  the  summer  of  1967,  Mr.  Donald  Zulch  of  RADC  directed  that  an 
experimental  aspect  be  added  to  the  project  and  arranged  for  the  col¬ 
lection  of  data  by  university  and  government  geodesists.  SURC 
undertook  the  analysis  and  interpretation  of  the  results  of  the  experi¬ 
ments  which  were  conducted  on  the  Ohio  State  baseline  at  Mansfield. 

The  objective  of  this  work  was  to  evaluate  the  optical  environmental 
correction  techniques  and  procedures,  which  had  been  developed  during 
the  course  of  the  study,  using  air-pressure,  temperature,  water 
vapor  pressure  and  distance  measurements.  The  data  was  also  to  be 
used  to  evaluate  the  performance  of  an  RADC  Model  4D  Geodimeter 
and  a  Spectra  Physics  Model  3G  Geodolite. 

2.  DESCRIPTION  OF  THE  EXPERIMENTAL  PROGRAM 
a.  Experimental  Period  and  Personnel 

The  experiments  were  carried  out  on  the  evenings  of  Septem¬ 
ber  12-15,  1967  by  Professor  Dean  Merchant  and  Mr.  Sol  Cushman 
of  the  Geodetic  Sciences  Department  of  Ohio  State  University,  Mr. 

Dolan  Mansir,  and  Mr.  John  Motsinger  of  Spectra  Physics,  Inc. , 

Mr.  Lawrence  Crouth  and  Sgt.  George  Ferguson  of  RADC  and  Pro¬ 
fessor  Robert  Gunn  of  the  Department  of  Civil  Engineering,  University 
of  Toronto.  On  September  12,  Crouth  and  Ferguson  made  distance 
measurements  using  the  RADC  Geodimeter  while  Merchant  obser¬ 
ved  and  recorded  air  temperature,  pressure  and  water  vapor 
values.  On  September  13  -  15,  Mansir  and  Motsinger  made 
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distance  measurements  using  a  Geodolite  while  Merchant  Cushman, 
Crouth  and  Ferguson  observed  and  recorded  the  atmospheric  charac¬ 
teristics.  In  addition,  on  September  14,  Gunn  also  participated  in 
the  latter  activity. 

b.  The  Mansfield  Site 

The  Ohio  State  University  baseline  is  located  on  a  slightly 
inclined  piece  of  land  adjacent  to  its  branch  just  outside  of  Mansfield, 
Ohio.  The  terrain  has  been  graded  to  a  flat  condition  in  the  imme¬ 
diate  vicinity  of  the  line.  A  map  of  the  area,  derived  from  sketches 
made  by  Dr.  Merchant,  is  shown  in  Figure  7-1.  The  baseline  is 
500  meters  long  with  above-the- ground  pillars  located  at  0,  1,  5, 

25,  125,  250  and  500  meters.  There  is  also  a  table-like  pillar 
located  at  -3  meters  upon  which  distance  measuring  equipment 
may  be  placed.  This  pillar,  together  with  those  at  0  and  1  meter 
are  covered  by  a  canopy  as  shown  in  Figure  7-2.  The  Figure  also 
shows  the  pillar  at  5  meters  which  is  outside  the  canopy.  Each 
pillar  has  a  removable  aluminum  cover  to  protect  any  equipment 
which  may  be  attached  to  it.  Another  view  of  the  pillars  under  the 
canopy,  with  the  covers  removed,  is  presented  in  Figure  7-3.  The 
equipment  on  the  pillars  is  part  of  the  V’disala  Light  Interference 
Comparator. 

The  5  meter  pillar,  with  cover  removed,  is  shown  in  Figure 
7-4.  The  pillars  and  equipment  at  25,  125,  250,  and  500  meters  are 
similar.  Figure  7-5  shows  a  view  looking  down  the  range  with  the 
25  meter  pillar  in  the  foreground  and  the  125,  250,  and  500  meter 
pillars  in  the  background.  Figure  7-6  is  a  view  looking  in  the 
opposite  direction  where  the  truck  in  the  picture  is  on  the  highway 
which  passes  the  site.  The  tall  wooden  slats  are  thermometer 
holders  which  are  located  at  25  meter  intervals  along  the  line. 

Each  of  the  pillars  has  a  large  concrete  monument  deep  in 
the  ground  beneath  it.  The  monuments  are  cylindrical  in  shape  with 
a  10  ft.  length  and  a  4  ft.  diameter.  The  line  was  calibrated  by 
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Figure  7-1  Map  of  the  Region  Surrounding  the  Mansfield  Baseline 
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Figure  7-2  -3,0,1  and  5  Meter  Pillars 


Figure  7-3  1,0  and  -3  Meter  Pillars  with  Vaisala  Comparator  Equipment 
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Figure  7-5  View  of  Baseline  Looking  Eastward 
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Figure  7-6  View  of  Baseline  Looking  Westward 
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first  determining  the  distance  between  bars  that  are  securely  fas¬ 
tened  to  the  tops  of  the  pillars  and  then  projecting  the  measurements 
down  to  brass  bolts  imbedded  in  the  tops  of  the  below- ground 
monuments.  These  monuments  are  considerably  more  stable  than 
the  pillars. 

Referring  to  the  map  of  Figure  7-1,  the  forest  shown  just 
beyond  the  500  meter  end  of  the  line  is  relatively  narrow  and  on 
land  that  drops  steeply.  The  main  building  of  the  Ohio  State  Branch 
is  located  just  beyond  the  forest. 

c.  Weather 

The  weather  existing  at  the  time  when  electromagnetic  dis¬ 
tance  measurements  are  being  made  will  have  an  important  effect 
on  the  accuracy  and  precision  of  the  measurements.  Optimum 
weather  conditions  occur  when  air  temperature,  pressure  and  water 
vapor  content  are  as  stable  as  possible  over  relatively  long  periods 
of  time  and  large  intervals  of  space.  It  has  been  found  that  this 
usually  occurs  on  a  cloudy  night  following  a  cloudy  day  in  the  Fall 
of  the  year.  A  light  rain  and  slight  breeze  are  alto  desirable. 

Unfortunately,  relatively  little  weather  data  was  recorded 
on  September  12-15  but  on  the  basis  of  that  which  is  available,  it 
is  concluded  that  the  weather  during  the  experiment  periods  was 
rather  far  from  the  ideal.  The  available  data  is  presented  below. 

September  12  --  Wind  calm,  visibility  good. 

September  13  --  Clear  and  calm  during  observing  period. 
Horizontal  temperature  variations  were  so  great  that  they  were 
felt  by  the  observers  as  they  walked  along  the  line. 

September  14  --  Clear,  calm.  Variations  in  temperature 
were  reduced  in  magnitude  as  compared  to  the  previous  night. 

September  15  --  10%  overage  of  high  clouds.  Slight  wind 
(1  to  2  knots)  from  the  northeast  at  8:30  P. M.  E.D.T.  At  10:00 
P.M.  a  light  ground  fog  began  to  develop  near  the  center  of  the  line. 
By  12:00  P.  M.  it  was  visible  on  the  line  and  by  1:00  A.  M.  it 
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extended  along  the  whole  line  and  adjustment  of  the  neutral  density 
filter  in  the  Geodolite  was  necessary.  At  ?.:00  A.M.  only  a  thres¬ 
hold  return  was  sensed.  During  the  process  of  securing  the  equip¬ 
ment  for  the  night,  it  was  noticed  that  a  great  deal  of  moisture 
had  condensed  on  the  reflectors  accounting  for  much  of  the  attenu¬ 
ation  of  the  returning  signal.  Sundown  occurred  at: 

September  12  --  7:44  P.M.  E.D.T. 

September  13  --  7:43  P.M.  E.D.T. 

September  14  --  7:41  P.M.  E.D.T. 

September  15  --  7:40  P.M.  E.D.T. 

d.  Baseline  Instrumentation 

During  the  course  of  the  experiments,  the  baseline  length 
was  measured  using  both  a  Geodimeter  and  a  Geodolite.  The  atmos¬ 
pheric  characteristics  were  sensed  using  21  thermometers,  three 
barometers  and  a  hygrometer. 

The  Geodimeter  was  a  model  4D,  serial  number  306,  owned 
by  RADC.  This  instrument  has  a  rated  average  error  of  +_  one 
centimeter  plus  two  millionths  of  the  distance  being  measured.  For 
the  500  meter  line,  this  corresponds  to  +  11  millimeters (  +  0.434 
inches)  which  is  +  twenty-two  parts  per  million.  The  reflector 
was  a  single  prism  with  a  75  second  wedge  attached. 

The  Geodolite  was  the  property  of  Spectra  Physics,  Inc.  and 
had  a  rated  resolution  of  1  millimeter  (  +  0.  003  ft)  or  one  part 
in  10^  whichever  is  greater.  For  the  500  meter  line  the  +  1  milli¬ 
meter  rating  predominates  and  this  corresponds  to  two  parts  per 
million.  As  noted  later,  however,  this  sort  of  performance  was  not 
achieved.  On  September  13,  a  single  prism  reflector  was  used  and 
on  the  14th  and  15th  a  three  prism  reflector  was  utilized. 

Each  of  the  thermometers  was  given  an  identification  number 
between  one  and  twenty- one.  These  numbers,  together  with  the 
corresponding  thermometer  serial  numbers  are  given  in  Table  7-1. 
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TABLE  7-1 


Thermometer  Identification  Data 


Thermometer 

Number 


Serial  Thermometer  Serial 

Number _ Number  Number 


1 

9A8429 

12 

9A6933 

2 

60095 

13 

69087 

3 

812672 

14 

812728 

4 

60026 

15 

812676 

5 

812667 

16 

812705 

6 

812649 

17 

812645 

7 

9A2488 

18 

72994 

8 

812724 

19 

53998 

9 

812651 

20 

60014 

10 

812661 

21 

9A4245 

11 

72885 

Thermometers  1,  7,  12  and  21  are  Fisher  Scientific  Company, 
liquid  in  glass  types  which  belong  to  RADC.  These  devices  have  a 
range  from  -1  to  +  51°,  with  0.1°C.  graduations  and  have  been  cali¬ 
brated  at  the  National  Bureau  of  Standards.  Thermometers  2,  4,  11, 

13,  18,  19  and  20  have  0.1°C.  graduations  and  belong  to  Ohio  State 
University.  The  remaining  thermometers  belong  to  SURC  and  are 
Princo,  -5to+50°C.,  0.1°C.  graduation  types . 

The  calibration  of  the  thermometers  was  checked  by  placing 
them  in  a  constant  temperature  environment  and  recording  their 
respective  readings.  The  results  of  four  such  tests  are  given  in 
Table  7-2.  During  the  course  of  these  comparisons,  it  was  noticed 
that  thermometer  #21  exhibited  a  separation  and  the  readings  ob¬ 
tained  from  it  were  not  recorded.  The  separation  was  removed  and 
the  thermometer  was  used  during  the  September  13-  15  experiment 
periods.  After  the  experiments  were  completed  however,  it  was 
compared  with  thermometer  #  12  and  found  to  give  inconsistent  results. 
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TABLE  7-2 


Thermometer  Calibration  Data 


Thermometer  Temperature  Readings  in  Degrees 

Number _ Centigrade _ 


1 

10.42 

10.54 

2 

10.  38 

10.50 

EH 

3 

10.28 

10.40 

13.78 

4 

10.  38 

10.50 

13.72 

13.84 

5 

10.30 

10.  42 

13.62 

13.74 

6 

10.30 

10.40 

13.60 

13.74 

7 

10.40 

10.52 

13.74 

13.88 

8 

10.24 

10.38 

13.60 

13.70 

9 

10.28 

10.40 

13.62 

13.76 

10 

10.30 

10.42 

13.68 

13.80 

11 

10.34 

10.44 

13.68 

13.80 

12 

10.40 

10.  50 

13.72 

13.86 

13 

10.40 

10.50 

13.74 

13.86 

14 

10.  30 

10.42 

13.66 

13.78 

15 

10.  26 

10.40 

13.60 

13.72 

16 

10.  30 

10.42 

13.62 

13.74 

17 

10.28 

10.40 

13.62 

13.76 

18 

10.40 

10.  50 

13.70 

13.80 

19 

10.  38 

10.  50 

13.72 

13.82 

20 

10.40 

10.50 

13.74 

13.88 

21 
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Therefore,  all  of  the  data  obtained  from  this  device  were  discarded 
and  replaced  by  the  readings  of  Thermometer  #  20  during  data 
reduction  and  analysis. 

Using  the  data  of  Table  7-2  together  with  Bureau  of  Standards 
calibration  data  which  was  available,  corrections  for  each  ther¬ 
mometer  reading  were  computed.  These  corrections  are  given  in 
Table  7-3.  Since  the  Mansfield  comparison  data  gives  relative 
values  of  temperature  only  in  the  vicinity  of  10.  5®C.  and  13.8°  C. , 
interpolation  and  extrapolation  of  the  correction  data  had  to  be 
made.  Interpolation  was  obtained  by  fitting  a  step  function  to  the 
straight  line  characteristic  which  was  assumed  to  exist  between  the 
endpoints.  Outside  the  data  interval,  i.e.  below  10°C.  and  above 
14*C.,  it  was  assumed  that  the  best  corrections  could  be  obtained 
by  using  the  adjacent  experimental  values.  An  exception  to  this 
occurs  for  thermometers  #1  and  #12  for  which  NBS  correction  data 
at  20°C.  was  available  thereby  making  it  possible  to  obtain  a  step 
function  approximation  to  the  linear  variation  which  was  assumed 
to  exist  between  the  +10°C.  and  +20#C.  values. 

As  shown  in  Figure  7-1  there  are  twenty-one  places  along 
the  baseline  where  temperature  can  be  measured.  At  each  of  these 
points  there  is  a  specially  designed  support  which  holds  the 
thermometer  close  to  the  ray  path  of  the  distance  measuring  equip¬ 
ment  thereby  allowing  it  to  sense  the  effective  temperature  of  the 
surrounding  atmosphere.  Each  thermometer  position  was  given 
an  identifying  number,  between  one  and  twenty- one,  beginning  at 
the  0  meter  end  and  extending  to  the  500  meter  end  of  the  line.  The 
location  of  each  thermometer  position,  together  with  the  identifying 
number  of  the  thermometer  used  there  during  the  experiment 
periods,  is  given  in  Table  7-4.  It  should  be  noticed  that  only 
eleven  thermometers  were  used  on  September  12. 

There  were  three  barometers  used  during  the  course  of  the 
experiments  and  all  are  the  property  of  RADC.  Barometer  #1  is 
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TABLE  7-3 


TEMPERATURE  CORRECTION  IN  DEGREES  CENTIGRADE 


Thermometer  Temperature  Reading 

Number 


Below 

118C 

11°  -  12°C 

12°  -  1 3 °C 

Above  13°C 

1 

-.06 

-.06 

-.06 

See  below 

2 

-.02 

-.02 

-.03 

-.04 

3 

+  .  08 

+  .  08 

+.07 

+.  07 

4 

-.02 

-.02 

-.01 

-.01 

5 

+  .  06 

+  .  07 

+  .08 

+.  09 

6 

+  .07 

+  .08 

+  .  09 

+  .  10 

7 

-.04 

-.04 

-.04 

-.04 

8 

+  .11 

+.11 

+.  12 

+  .  12 

9 

+  .  08 

+  .08 

+  .08 

+  .  08 

10 

+  .  06 

+  .05 

+  .04 

+  .  03 

11 

+  .  03 

+  .03 

+  .03 

+  .  03 

12 

-.03 

-.  02 

-.02 

See  below 

13 

-.03 

-.03 

-.03 

-.03 

14 

+  .  06 

+  .  06 

+  .05 

+  .  05 

15 

+  .  09 

+  .09 

+  .10 

+  .  11 

16 

+  .  06 

+  .  07 

+  .08 

+.  09 

17 

+  .  08 

+  .  08 

+  .08 

+  .  08 

18 

-.03 

-.02 

0 

+  .  02 

19 

-.02 

-.02 

-.01 

0 

20 

-.03 

-.03 

-.04 

-.04 

-  107  - 


TABLE  7-3  CONTINUED 


Thermometer  Temperature  Reading 

Number 


13-14#C 

14-15#C  15-16°C 

16- 17  °C 

1 

-.05 

-.05  -.05 

-.05 

12 

-.01 

-.01  +.01 

+  .  01 

17  -  18°C 

18  -  19°C 

19  -  20°C 

1 

o 

• 

1 

-.04 

-.04 

12 

+.02 

+  .  02 

+.03 
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TABLE  7-4 


THERMOMETER  POSITION  DATA 

Thermometer 
Position  No. 

Distance  From 
Beginning  of  the 
Baseline  in  Meters 

Thermometer 
Number  on 

Sept.  12 

Thermometer 
Number  on 
Sept.  13-15. 

1 

3 

8 

1 

2 

27 

2 

3 

50 

13 

3 

4 

75 

4 

5 

100 

17 

5 

6 

127 

6 

7 

150 

6 

7 

8 

175 

8 

9 

200 

14 

9 

10 

225 

10 

11 

252 

10 

11 

12 

275 

12 

13 

300 

9 

13 

14 

325 

14 

15 

350 

15 

15 

16 

375 

16 

17 

400 

5 

17 

18 

425 

18 

19 

450 

16 

19 

20 

475 

20 

21 

502 

3 

21 
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a  Wallace  and  Tiernan  Type  ML102,  Serial  number  2704,  which  has 
an  accuracy  of  -  0.  35  millibars .  Barometers  #2  and  #3  are 
actually  very  sensitive  altimeters  and  read  in  feet.  They  are 
Wallace  and  Tiernan  Model  FA  185  types  having  a  maximum  error 
of  -  8  feet.  The  instruction  manual  which  accompanies  them  also 
states  that:  "The  majority  of  their  elevation  indications  will  be 
correct  to  -  two  or  three  feet.  "  They  carry  the  serial  numbers 
10102  and  10103  respectively.  It  is  assumed  that  these  instruments 
are  actually  Wallace  and  Tiernan  Model  FA  185  precision  aneroid 
barometers  with  an  appropriate  scale.  These  devices  have  a  dial 
diameter  of  six  inches  and  a  scale  length  of  30  inches  through  two 
pointer  revolutions.  When  calibrated  to  read  in  millibars,  the 
scale  extends  from  745  to  1065  mb.  According  to  the  manufacturer, 
these  instruments  are  accurate  to  within  -  0.1%  of  full  scale  or 
0.133  mb.  These  devices  have  built-in  temperature  compensation 
which  limits  temperature  error  to  -  0.05%  of  full  scale  per  10°C 
change  in  temperature  above  or  below  25 °C. 

All  of  these  instruments  were  calibrated  against  the  standard 
barometer  located  at  the  Mansfield  airport  weather  bureau.  It  is 
assumed  that  when  this  calibration  data  is  used  to  correct  the  data 
obtained  from  the  Model  185  barometers,  the  results  have  an  accuracy 
somewhat  greater  than  that  indicated  by  the  manufacturer.  All 
experimental  values  of  air  pressure  were  corrected  and  converted 
to  millibars  if  necessary,  by  RADC  personnel  using  the  Mansfield 
calibration  data  and  instructions  provided  by  the  manufacturer. 

On  September  12  barometer  #3  was  located  near  the  0  meter 
pillar  and  barometer  #2  near  the  500  meter  pillar^  barometer  #1  was 
not  used.  On  September  13,  14,  and  15,  barometer  #1  was  located 
near  the  0  meter  pillar  and  barometers  #2  and  #3  were  both  located 
near  the  500  meter  pillar. 
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D  ’ring  all  four  experiment  periods  a  dry  and  a  wet  bulb 
h  cer  was  located  in  the  vicinity  of  the  0  meter  pillar.  It  was 

a  type  ML-436-A,  serial  number  10,  psychrometer .  The  wet  and 
dry  bulb  temperature  information  obtained  from  this  device,  was 
subsequently  used  to  determine  the  water  vapor  pressure  by  means 
of  the  technique  presented  in  "Psychrometric  Tables  for  Obtaining 
the  Vapor  Pressure,  Relative  Humidity  and  Temperature  of  the  Dew 
Point"  by  C.F.  Marvin,  Weather  Bureau  publication  No.  235,  1941. 


The  data  taken  during  each  experiment  period  can  be  collected 
into  the  two  categories  of  distance  measurements  and  atmospheric 
characteristic  measurements.  On  September  12,  four  separate 
measurements  of  baseline  length  were  made  using  the  RADC  Geo¬ 
dimeter.  On  September  13,  14  and  15  the  same  length  was  measured 
.a  very  large  number  of  times  using  the  Geodolite.  While  the  distance 
measurements  were  being  made,  simultaneous  readings  of  air 
pressure,  temperature  and  water  vapor  content  were  also  being  made. 
This  atmospheric  data  was  subsequently  used  to  determine  the  average 
refractive  index  along  the  ray  path  and  thereby  provide  corrections 
for  the  distance  measurements. 

The  procedure  for  making  the  atmospheric  measurements  was 
as  follows,  start '.ng  at  the  beginning  of  the  baseline: 

(1)  Read  barometer 

(2)  Read  hygrometer 

(3)  Record  the  time 

(4)  Walk  down  the  line  recording  the  reading  of  each  of  the 
21  thermometers. 

(5)  After  reading  the  thermometer  in  position  #21  record  the  time. 

(6)  Read  the  barometer(s)  located  at  the  500  meter  end  of  the  line. 

(7)  Return  to  the  beginning  of  the  line 

On  September  12  only  five  passes  down  the  line  were  made 
but  on  September  13,  14  and  15  the  number  was  considerably  larger 
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TABLE  7-5 

CORRECTED  AND  CONVERTED  EXPERIMENTAL  DATA 
TAKEN  SEPTEMBER  12,  1967 


Barometer  #  3 

974.6 

974.9 

974.9 

974.9 

974.9 

Hygrometer 

.402 

.373 

.334 

.347 

.  322 

Time 

0:12 

0:43 

1:49 

2:12 

2:34 

1 

13.57 

13.57 

12.22 

11.63 

11.61 

h 

3 

14. 17 

13.99 

13. 17 

11.85 

11.84 

0) 

.| 

5 

15.94 

15.68 

14.68 

14.30 

14.  18 

Z 

7 

15.50 

15.48 

14.67 

14.10 

13.90 

a 

o 

•H 

i) 

9 

15.40 

15.40 

14.45 

13.93 

13.73 

5 

m 

0 

A 

11 

15.41 

15.14 

14.22 

13.68 

13.69 

u 

9) 

13 

15.30 

15.30 

14.26 

13.59 

13.  63 

V 

fi 

Q 

15 

15.46 

15.61 

14.26 

14.18 

13.61 

W 

17 

15.54 

15.38 

14.30 

14.28 

14.00 

V 

H 

19 

15.29 

14.67 

14.11 

13.59 

13.  91 

21 

14.95 

14.49 

13.35 

13.12 

12.91 

Time 

0:31 

0:55 

2:03 

2:23 

2:47 

Barometer  #2 

975.0 

975.3 

975.3 

975.  3 

975.2 
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TABLE  7-6 

CORRECTED  AND  CONVERTED  EXPERIMENTAL  DATA 
TAKEN  SEPTEMBER  13,  1967 


Barometer  #1 

974.4 

974.7 

974.7 

974.9 

974.9 

974.9 

974.9 

Hygrometer 

0.322 

0.  316 

0.  310 

0.  316 

0.  331 

0.  318 

0.  308 

Time 

1:40 

1:53 

2:14 

2:29 

2:39 

2:47 

2:58 

1 

10.74 

10.59 

10.20 

10.  39 

10.41 

9.52 

9.  16 

2 

10.08 

10.  66 

11.36 

10.  28 

10.03 

9.09 

8.26 

3 

10. 12 

10.68 

11.14 

10. 18 

10.02 

9.06 

9.  04 

oi 

W 

4 

9.58 

9.93 

10.54 

10.20 

10. 13 

9.06 

9.24 

1 

5 

9.38 

10.  54 

9.90 

9.86 

10.08 

9.26 

8.86 

S3 

2 

6 

9.49 

10.55 

9.77 

8.92 

9.27 

8.17 

7.65 

7 

10.01 

10.46 

9.80 

9.  01 

9.28 

8.16 

7.80 

s 

8 

10.09 

10.61 

9.11 

8.51 

8.91 

8.17 

8.23 

a 

9 

10.36 

10.38 

9.48 

8.33 

8.80 

7.66 

8.  12 

8 

10 

10.66 

10.48 

9.64 

8.98 

8.41 

7.71 

7.98 

11 

10.45 

10.23 

9.81 

8.53 

8.  03 

8.13 

8.  11 

W 

H 

12 

10.66 

10.47 

10.33 

8.  17 

7.62 

8.42 

8.11 

13 

10.95 

10.  50 

10.57 

7.97 

8.  12 

8.09 

8.05 

0 

14 

11.11 

10.48 

10.56 

8.  56 

9.21 

8.26 

8.  30 

W 

K 

L_j 

15 

10.69 

9.64 

10. 11 

9.19 

9.11 

8. 19 

8.  29 

16 

10.10 

9.  56 

9.64 

8.26 

8.  64 

8. 18 

8.26 

17 

10.73 

9.98 

9. 16 

8.98 

8.30 

8. 13 

8.  10 

18 

10.85 

9.69 

9.05 

9.77 

8.49 

8.  09 

8. 09 

19 

10.73 

9.46 

10.06 

9.08 

8.  58 

8.36 

8.  38 

20 

11.22 

10.  32 

11.01 

9. 17 

9.  35 

8.75 

8.93 

21 

11.22 

10.  32 

11.03 

9. 17 

9.  35 

8.75 

8.93 

Time 

2:05 

2:20 

2:27 

2:46 

2:53 

3:08 

3:09 

Barometer  #2 

975.  0 

975.4 

975.4 

975.  6 

975.4 

975.6 

975.  6 

Barometer  #3 

975.0 

975.  2 

975.2 

975.  3 

975.4 

975.  5 

975.5 
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TABLE  7-6  CONTINUED 


Barometer  #1 

975.0 

975.0 

975. 1 

975. 1 

975.0 

974.9 

975.0 

Hygrometer 

0.293 

0.296 

0.331 

0.341 

0.347 

0.293 

0.290 

Time 

3:01 

3:18 

3:31 

3:41 

3:54 

4:14 

4:15 

1 

9.34 

9.34 

9.30 

9.24 

9.42 

8.52 

8.  96 

2 

8.23 

8.88 

8.38 

8.96 

9.08 

9.02 

9.48 

3 

8.48 

8.86 

9.26 

9.24 

9.23 

9. 10 

9.83 

4 

8.53 

8.98 

8.90 

8.46 

9. 14 

9.48 

9.70 

5 

8.41 

9.36 

8.44 

8.26 

9. 14 

9.80 

9.96 

n 

w 

6 

7.94 

8.62 

7.97 

8.22 

8.32 

8.25 

9. 17 

§ 

7 

8.36 

8.34 

8.14 

7.94 

8. 16 

9.94 

9.68 

X 

2 

8 

8.46 

8.46 

7.65 

9.91 

8.39 

11.31 

10.69 

Z 

9 

8.68 

8.  04 

7.48 

8.96 

7.93 

11.38 

11. 38 

2 

C-i 

10 

8.71 

8. 11 

7.76 

9.34 

8.36 

11.15 

11. 50 

s 

A 

11 

8.63 

8.  38 

7.53 

8.12 

8.73 

9.69 

10.65 

o 

& 

12 

8.87 

8.34 

7.75 

8.09 

9.42 

11.06 

11.28 

« 

M 

13 

8.87 

7.92 

8.13 

7.85 

9.17 

9.47 

11. 35 

w 

H 

14 

8.51 

7.81 

8.40 

9.44 

10.47 

9-92 

11.66 

15 

8.74 

8.  11 

7.79 

9.55 

10.  57 

10.49 

11.19 

0 

16 

8.96 

8.  11 

7.62 

8.48 

10.  06 

11.02 

11.  17 

w 

17 

8.78 

7.73 

7.76 

8.20 

9.73 

11.86 

11. 08 

X 

Eh 

18 

8.92 

7.87 

7.77 

8.57 

8.97 

11.64 

11. 08 

19 

9.63 

8.48 

8.08 

9.96 

8.58 

11.52 

10.88 

20 

9.17 

8.82 

8.95 

10.07 

8.95 

9.91 

10.47 

21 

9.17 

8.82 

8.95 

10.07 

8.95 

9.91 

10.47 

Time 

3:18 

3:34 

3:41 

4:02 

4:09 

4:24 

4:32 

Barometer  #2 

975.6 

975.6 

975.6 

975.6 

975.7 

975.6 

975.  5 

Barometer  #3 

975.4 

975.5 

975.5 

975.4 

975.4 

975.3 

975.  3 
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TABLE  7-6  CONTINUED 


Barometer  #1 

975.0 

974.9 

974.8 

974.8 

974.6 

974.6 

974.6 

Hygrometer 

0.300 

0.300 

0.287 

0.308 

0.277 

0.310 

0.334 

Time 

4:25 

4:46 

4:54 

5:01 

5:15 

5:27 

5:41 

1 

9.29 

8.40 

8.42 

8.59 

8.34 

8.60 

8.36 

2 

9.03 

7.94 

8.60 

8.58 

8.33 

7.94 

7.96 

3 

9.23 

9.04 

9. 10 

8.92 

8.68 

8. 10 

8. 66 

4 

9.34 

8. 14 

8.60 

7.80 

8.48 

8.52 

9.19 

5 

8.46 

9.  54 

8.66 

8.58 

8.  56 

8.36 

9.74 

6 

7.97 

8.49 

7.59 

7.55 

7.97 

8. 17 

10.34 

7 

9.76 

10. 10 

8.51 

10.96 

9.96 

8.92 

12.34 

8 

11.61 

10.87 

11.63 

12.92 

11.01 

10.07 

12.33 

9 

11.48 

11.78 

11.96 

13.06 

12.38 

11.76 

13.03 

10 

11.70 

12.24 

11.55 

12.64 

12.54 

12.30 

12.86 

11 

11.23 

11.85 

10.05 

11.41 

12. 13 

12.49 

12.33 

12 

11.83 

10.81 

10.35 

11.48 

12.23 

12.52 

12.29 

13 

11.12 

11.27 

9.67 

10.97 

12.27 

11.97 

11.55 

14 

11.81 

12. 15 

11.26 

11.86 

12.55 

12.73 

12. 15 

15 

11.69 

12.68 

12.42 

12.42 

13.11 

13. 19 

12.28 

16 

12.28 

12.22 

13. 11 

12.  36 

13.39 

13.23 

12.48 

17 

12.23 

12.28 

12.46 

12.44 

13.40 

13.08 

12.08 

18 

11.23 

11.80 

12.  10 

12.25 

13.22 

12.46 

11.50 

19 

10.98 

10.34 

10.98 

12.  19 

13.00 

12.05 

10.93 

20 

10.62 

10.25 

8.67 

11.49 

12.36 

12. 10 

10.94 

21 

10.62 

10.25 

8.  67 

11.49 

12.36 

12. 10 

10.94 

Time 

4:40 

4:56 

5:10 

5:20 

5:31 

5:38 

5:57 

Barometer  #2 

975.4 

975.3 

975.  3 

975.3 

975. 1 

975. 1 

975. 1 

Barometer  #3 

975.3 

975.2 

975.  1 

975.1 

975.0 

975.0 

974.9 
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TABLE  7-7 

CORRECTED  AND  CONVERTED  EXPERIMENTAL  DATA 
TAKEN  SEPTEMBER  14,  1967 


Barometer  #1 

974.4 

974.4 

974.4 

974.4 

974.5 

974.4 

974.4 

Hygrometer 

0.387 

0.390 

0.402 

0.398 

0.407 

0.387 

0.  380 

Time 

1:00 

1:02 

1:13 

1:26 

1:36 

1:42 

1:51 

1 

13.19 

13. 17 

13.20 

12.49 

12.42 

12.09 

12.  14 

fy> 

2 

12.55 

12.87 

12.57 

12.98 

12.83 

12.92 

12.22 

i+i 

W 

3 

13.87 

13.87 

13.55 

12.62 

12.85 

12.82 

13.  27 

1 

4 

13.59 

13.69 

12.01 

11.96 

12.17 

12.27 

11.88 

§ 

5 

13.33 

13.09 

12.78 

12.53 

12.26 

12.38 

11.99 

§ 

6 

12.06 

11.78 

11.46 

11.88 

11.28 

11.43 

11.18 

H 

7 

14.14 

13.88 

13.24 

13.34 

13.46 

13.26 

13.36 

W 

O 

8 

12.66 

14.07 

14.34 

14.47 

14.52 

14.84 

14.22 

ft 

(V? 

9 

13.94 

14.53 

14.96 

15.00 

14.50 

14.93 

13.66 

H 

W 

10 

13.83 

13.63 

14.73 

14.58 

14.43 

14.48 

14.11 

11 

12.83 

14.03 

14.03 

14.54 

13.85 

13.58 

14.  13 

Q 

12 

13.25 

13.57 

14.09 

14.04 

14.47 

13. 19 

13.74 

2 

13 

14.05 

14.07 

13.79 

13.89 

13.67 

13.82 

12.87 

s 

14 

14.73 

14.55 

15.14 

15.30 

15.23 

14.70 

14.  50 

H 

15 

15.93 

15.71 

15.49 

15.  66 

15.23 

15.31 

14.83 

16 

16.29 

16.01 

16.41 

15.91 

16.05 

15.  58 

14.99 

17 

15.98 

15.63 

16.18 

15.96 

16.36 

15.58 

14.78 

18 

15.70 

15. 12 

15.52 

15.07 

16.06 

14.52 

14.  50 

19 

15.36 

14.60 

14.80 

14.68 

15.84 

14.  15 

14.  50 

20 

14.62 

14.36 

14.94 

14.44 

15.44 

13.61 

13.86 

21 

14.62 

14.36 

14.94 

14.44 

15.44 

13.61 

13.86 

Time 

1:10 

1:14 

1:31 

1:39 

1 :46 

1:55 

2:03 

Barometer  #2 

974.8 

974.9 

974.9 

974.9 

974.9 

975.  0 

975.  0 

Barometer  #3 

974.7 

974.8 

974.8 

974.8 

974.8 

974.8 

974.9 
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TABLE  7-7  CONTINUED 


Barometer  #1 

974.5 

974.5 

974.6 

974.5 

974.6 

974.6 

Hygrometer 

0.  395 

0.373 

0.370 

0.  367 

0.365 

0.360 

Time 

2:02 

2:13 

2:22 

2:29 

2:36 

2:45 

1 

12.76 

12.89 

12.72 

12.87 

12.29 

12.92 

2 

12.35 

12.  32 

12.35 

11.88 

12.17 

12.65 

3 

13.  15 

12.45 

13.41 

13.07 

11.88 

12.55 

Oh 

W 

4 

12.49 

12.41 

12.23 

12.24 

11.23 

12.44 

5 

11.89 

12.60 

11.93 

11.27 

11.01 

11.87 

D 

6 

11.38 

11.38 

10.99 

10.82 

10.27 

12.03 

Z 

Z 

7 

12.71 

13.21 

13.76 

12.53 

11.04 

12.54 

O 

n 

8 

13.46 

13.77 

15.14 

14.32 

11.21 

11.86 

H 

W 

9 

14.63 

14.98 

13.88 

14.11 

11.88 

11.58 

U 

Oh 

10 

13.88 

14.47 

14.43 

14.93 

12.64 

12.99 

Oi 

W 

11 

13.  13 

13.31 

13.71 

14.93 

13.05 

12.03 

H 

12 

14.51 

13.39 

14.95 

15.96 

13.29 

11.58 

n 

13  / 

13.67 

12.92 

12.87 

15.07 

12.97 

10.97 

14  / 

14.15 

14.50 

14.05 

14.95 

12.55 

12.20 

w 

h-« 

15  / 

14.91 

14.51 

14.55 

14.76 

12.55 

12.65 

H 

16  I 

15. 15 

14.44 

14.01 

14.84 

13.54 

13.39 

17 

14.86 

14.08 

13.84 

14.73 

13.63 

13.06 

18 

14.07 

13.77 

13.84 

14.77 

13.92 

12.85 

19 

14.48 

13.65 

13.  08 

14.90 

13.05 

12.95 

20 

13.46 

12.96 

13.34 

14.11 

14.44 

12.74 

21 

13.46 

12.96 

13.34 

14.11 

14.44 

12.74 

Time 

2:20 

2:27 

2:33 

2:42 

2:50 

3:04 

Barometer  #2 

975. 1 

974.9 

975.  0 

975.0 

975. 1 

975.2 

Barometer  #3 

974.9 

974.9 

974.9 

974.9 

974.9 

975.  0 
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TABLE  7-7  CONTINUED 


Barometer  #1 

974.6 

974.6 

974.5 

974.4 

974.5 

974.4 

974.3 

Hygrometer 

0.366 

0.360 

0.347 

0.352 

0.360 

0.343 

0.347 

Time 

2:56 

3:03 

3:14 

3:21 

3:36 

3:46 

3:59 

1 

12.64 

12.50 

12. 17 

12.22 

11.69 

12.12 

12.16 

2 

12.22 

11.48 

11.32 

11.66 

11.20 

11.58 

11.28 

3 

11.83 

12.43 

12.12 

11.58 

11.66 

11.62 

11.53 

4 

W 

12.44 

11.46 

11.66 

11.38 

11.63 

11.52 

11.83 

11.82 

10.24 

11.55 

11.07 

11.07 

10.56 

11.42 

l  6 

11.48 

10.97 

10.27 

10.37 

9.82 

10.05 

9.99 

*  7 

12.68 

12.50 

12.26 

11.28 

11.72 

12.08 

12.41 

s  8 

12.42 

13.90 

14.27 

13.42 

14.58 

14.66 

13.82 

H  o 

a  9 

O  10 

13.46 

14.18 

14.78 

14.68 

14.68 

14.08 

12.83 

13.56 

13.89 

14.63 

14.11 

14.73 

14.21 

12.44 

*  11 

12.28 

13.15 

13.93 

13.73 

13.63 

12.95 

11.85 

W  12 

C_| 

13.41 

14.35 

15.26 

15.69 

14.79 

12. 18 

11.63 

W  13 

12.29 

13.19 

14.19 

14.17 

12.27 

11.23 

10.97 

0  14 

12.77 

13.27 

13.85 

t 

14.45 

11.76 

12.05 

12.00 

|  15 

13.11 

13.69 

14l71 

14.51 

12.85 

12.66 

12.80 

X  16 

13.51 

14.17 

14.  69 

13.59 

13.34 

13.63 

13.74 

H  17 

13.16 

13.94 

14.43 

14.01 

12.94 

13. 14 

13.96 

18 

12.82 

13.08 

14.07 

13.52 

13.77 

13.62 

14.12 

19 

13.32 

13.56 

l4.00 

13.90 

12.94 

13.00 

11.56 

20 

12.66 

13.08 

lj3.93 

13.06 

11. 12 

11.01 

11.92 

21 

12.66 

13.08 

1/3.93 

13.06 

11.  12 

11.01 

11.92 

Time 

3:08 

3:13 

3:26 

3:35 

3:54 

3:56 

4:09 

Barometer  #2 

975. 1 

975.0 

974.9 

/ 

974.9 

974.8 

974.8 

974.8 

Barometer  #3 

975.0 

974.9 

974.8 

974.8 

974.6 

974.6 

974.5 

t 
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TABLE  7-7  CONTINUED 


Barometer  #1 

974.2 

974.2 

974.0 

974.2 

974. 1 

974. 1 

Hygrometer 

0.  347 

0.339 

0.347 

0.347 

0.347 

0.  344 

Time 

4:06 

4:14 

4:23 

4:28 

4:37 

4:46 

1 

11.76 

11.54 

11.34 

11.66 

11.49 

11.94 

2 

11.08 

10.93 

10.92 

11.56 

11.99 

11.58 

3 

11.66 

11.64 

11.44 

11.64 

11.96 

10.98 

4 

CtJ 

12.  01 

11.03 

11.54 

11.96 

12.24 

11.33 

W  5 

11.01 

12.48 

11.91 

12.28 

12.28 

11.17 

§  6 

9.67 

11.65 

12.41 

11.23 

11.33 

10.07 

P  7 

2  7 

13. 16 

14.81 

14.96 

14.26 

13.58 

10.68 

a  8 

13.92 

14.42 

14.92 

14.88 

14.42 

10.51 

B  9 

12.38 

14.08 

14.64 

14.68 

14.40 

10.88 

xft  10 

O 

10.56 

14.43 

14.25 

14.13 

13.75 

'10.96 

&  11 

11.68 

13.63 

13.75 

13.05 

13.53 

10.83 

rf  12 

W 

H  13 

11.80 

12.83 

12.78 

13.49 

13.49 

10.87 

13.17 

13.02 

12.85 

13.12 

13.37 

10.37 

1  14 

14.20 

14.05 

14.19 

13.23 

13.00 

10.96 

1  15 

13.90 

14.21 

14.31 

13.71 

13.36 

11.09 

W  16 

13.57 

14.19 

14.45 

13.59 

13.47 

11.47 

H  11 

13.88 

14.08 

14.06 

13.90 

13.60 

11.18 

18 

11.18 

11.68 

11.12 

13.76 

13.42 

11.48 

19 

10.  18 

10.88 

10.78 

13.55 

13.50 

11.78 

20 

11.22 

11.92 

11.89 

12.46 

12.  08 

11.57 

21 

11.22 

11.92 

11.89 

12.46 

12.08 

11.57 

Time 

4:17 

4:26 

4:33 

4:45 

4:48 

4:57 

Barometer  #2 

974.6 

974.6 

974.5 

974.6 

974.6 

974.5 

Barometer  #3 

974.4 

974.5 

974.4 

974.5 

974.6 

974.4 
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TABLE  7-7  CONTINUED 


Barometer  #1 

974.0 

974.1 

974.2 

974.1 

974.2 

974.3 

974.4 

Hygrometer 

0.352 

0.330 

0.  367 

0.334 

0.340 

0.334 

0.340 

Time 

4:59 

5:06 

5:12 

5:24 

5:32 

5:44 

5:48 

1 

11.69 

11.28 

10.89 

10.54 

10.74 

10.48 

10.72 

2 

10.95 

10.86 

10.28 

10.46 

10.28 

9.62 

10.53 

3 

11. 14 

10.60 

10.30 

10.58 

9.88 

10.28 

10.56 

0$  4 

W  4 

10.73 

10.32 

10.78 

10.49 

10.08 

10.36 

10.86 

10.61 

10.56 

10.54 

10.56 

10. 16 

10.26 

11.12 

§  6 

10.27 

10.23 

10.15 

9.45 

9.57 

9.53 

9.27 

2  7 

11.01 

11.78 

11.64 

10.61 

10.08 

10.54 

9.71 

8  8 

11.21 

10.81 

9.65 

9.41 

9.51 

9.29 

9.09 

a  9 

12. 18 

10.82 

10.66 

9.50 

9. 10 

8.84 

8.48 

2  io 

12.09 

11.02 

10.21 

10.08 

9.86 

8.62 

8.64 

*  11 

11.83 

11.37 

9.68 

9.73 

9.78 

8.73 

9.01 

W  12 

12.99 

11.32 

10.65 

9.35 

10.02 

8.97 

9.97 

1  13 

12.97 

11.73 

10.95 

10.56 

10.59 

9.79 

9.72 

S  14 

12.95 

12.19 

11.38 

12.01 

11.56 

11.36 

10.94 

3  15 

13.71 

13.41 

13.26 

12.87 

10.69 

11.37 

10.67 

§  16 

r  . 

13.64 

13.67 

13.64 

13.54 

11.87 

11.00 

9.86 

H 

17 

13.88 

13.96 

13.96 

14.18 

11.78 

11.48 

10.  00 

18 

13.72 

14.12 

13.67 

14.17 

12.30 

11.06 

10.15 

19 

12.89 

13.62 

13.28 

13.82 

12.69 

11.22 

10.56 

20 

13.31 

13.50 

13.28 

13.71 

11.37 

11.55 

11.27 

21 

13.31 

13.50 

13.28 

13.71 

11.37 

11.55 

11.27 

Time 

5:09 

5:15 

5:28 

5:36 

5:45 

5:53 

6:02 

Barometer  #2 

974.6 

974.5 

974.7 

974.8 

974.7 

974.9 

974.9 

Barometer  #3 

974.5 

974.4 

974.7 

974.5 

974.6 

974.7 

974.8 
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TABLE  7-8 

CORRECTED  AND  CONVERTED  EXPERIMENTAL  DATA 
TAKEN  SEPTEMBER  15,  1967 


Barometer  #1 

973.  1 

973.  3 

973.4 

973.  5 

973.5 

973.5 

973.4 

Hygrometer 

0.408 

0.448 

0.432 

0.417 

0.417 

0.417 

0.409 

Time 

0:36 

0:42 

0:54 

1:00 

1:09 

1:18 

1:30 

1 

18.46 

17.06 

16.60 

16.41 

14.89 

14.70 

14.05 

2 

19.  08 

18.  16 

16.78 

17.24 

15.68 

14.76 

13.78 

3 

18.99 

18.25 

17.27 

17.32 

14.93 

15.42 

13.87 

4 

18.95 

17.99 

16.79 

16.74 

15.31 

15.  04 

13.54 

5 

18.77 

17.53 

16.99 

16.81 

15. 11 

14.74 

13.39 

W 

6 

17.66 

16.26 

16.20 

16.09 

14.30 

14.02 

13.70 

7 

17.96 

17.40 

16.86 

15.87 

15.20 

13.51 

13. 16 

£ 

8 

17.  32 

16.57 

15.92 

14.77 

15.40 

12.78 

12.72 

£ 

9 

16.32 

16.  56 

15.53 

14. 13 

14.26 

12.70 

12.68 

o 

►H 

10 

15.81 

16.05 

14.93 

14.  13 

13.79 

12.62 

13. 13 

H 

CO 

11 

16.01 

16.38 

15.08 

14.43 

14.43 

13.01 

12.85 

O 

X 

12 

16.27 

16.  17 

15.21 

14.81 

14.53 

13.49 

12.83 

Bi 

13 

16.29 

16. 17 

14.92 

14.55 

14.97 

13.91 

12.37 

w 

H 

14 

17.47 

16.77 

15.65 

15.  16 

15.35 

14.00 

12.65 

W 

S 

15 

17.47 

16.29 

15.46 

14.61 

15.13 

14. 19 

13.26 

o 

16 

17.  53 

15.89 

14.99 

14.  04 

14.91 

14.  05 

13. 19 

w 

X 

C-i 

17 

17.28 

16.  36 

14.88 

14.  38 

15.22 

14.30 

12.98 

18 

16.  10 

16.86 

14.97 

14.82 

14.94 

13.82 

13.32 

n 

19 

16.32 

16.  08 

15.25 

14.62 

15.10 

14.45 

13.20 

20 

16.  30 

17.01 

15. 16 

14.76 

15.24 

14.84 

13.11 

21 

16.  30 

17.01 

15. 16 

14.76 

15.24 

14.84 

13.11 

Time 

0:46 

0:57 

1:07 

1:12 

1:19 

1:33 

1:43 

Barometer  #2 

973.7 

973.9 

973.9 

973.9 

973.9 

973.9 

973.9 

Barometer  #3 

973.7 

973.9 

974.0 

974.  0 

973.8 

973.8 

973.8 
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TABLE  7-8  CONTINUED 


Barometer  #1 

973.4 

973.  5 

973.5 

973.5 

973.6 

973.6 

Hygrometer 

0.417 

0.402 

0.417 

0.406 

0.400 

0.364 

Time 

1:38 

1:46 

1:56 

2:10 

2:20 

2:28 

1 

13.66 

13.85 

13.95 

13.35 

12.79 

12.09 

2 

14.17 

14.28 

13.56 

13.21 

13.  17 

12.55 

3 

13.82 

13.91 

13.85 

13.07 

13. 19 

12.71 

4 

13.61 

13.  33 

13.99 

13.04 

13.  09 

12.87 

5 

13.37 

13. 15 

13.49 

13.19 

12.90 

12.84 

a! 

W 

6 

13.28 

12.99 

11.93 

12.89 

12.70 

12.61 

§ 

7 

13.46 

12.36 

12.86 

12.76 

12.21 

11.90 

g 

8 

13.07 

12.60 

13.  02 

12.32 

12.09 

12.52 

9 

12.93 

12.62 

12.46 

12.28 

12. 13 

12.12 

s 

r, 

10 

12.84 

12.78 

12.42 

12.42 

11.93 

12.34 

w 

11 

12.83 

12.91 

12.43 

12.63 

12.04 

12.51 

0 

Oh 

12 

12.83 

13.07 

12.40 

12.43 

12.  10 

13.05 

at 

13 

13.19 

12.87 

12.  05 

12.37 

12.09 

12.87 

a 

H 

14 

13.67 

13.01 

13.11 

12.07 

12.  10 

13.21 

1 

15 

13.19 

12.68 

12.76 

12.41 

12.04 

13.33 

0 

16 

13.03 

12.76 

12.68 

12.88 

11.89 

13.09 

17 

12.96 

12.88 

12.66 

12.63 

12.  08 

12.92 

X 

H 

18 

13.02 

13.40 

12.  05 

12.30 

11.78 

12.00 

l  * 

19 

13.05 

13.22 

12.79 

12.49 

12.  00 

12.07 

20 

13.51 

13.74 

13.91 

12.86 

12.38 

12.66 

21 

13.51 

13.74 

13.91 

12.86 

12.  38 

12.66 

Time 

1:49 

1:53 

2:11 

2:22 

2:32 

2:37 

Barometer  #2 

973.9 

973.9 

974.2 

974.0 

974.0 

974.2 

Barometer  #3 

973.9 

973.8 

974.0 

974.0 

974.  0 

974.1 
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TABLE  7-8  CONTINUED 


Barometer  #1 

973.7 

973.7 

973.8 

974.0 

973.9 

973.9 

973.7 

Hygrometer 

0.387 

0.373 

0.  387 

0.365 

0.373 

0.  364 

0.395 

Time 

2:37 

2:52 

3:01 

3:10 

3:20 

3:34 

3:45 

1 

12.  55 

12.45 

12.68 

11.72 

11.64 

12.45 

13. 17 

2 

12.57 

11.98 

11.48 

10. 12 

11.98 

12.17 

12.89 

3 

12.45 

11.88 

11.98 

11.54 

11.88 

12.07 

12.79 

4 

12.  35 

11.78 

12.53 

12.07 

11. 53 

12.59 

12.28 

W 

5 

12.54 

11.97 

12.30 

11.59 

11.04 

11.07 

11.72 

6 

12.34 

11.53 

11.20 

10.57 

11.16 

10.49 

11.48 

2 

7 

12.26 

11.51 

10.91 

11.00 

11.32 

10.41 

11.16 

2 

0 

8 

11.99 

11.51 

11.10 

11.45 

10.81 

10.69 

10.91 

M 

& 

9 

12.28 

11.48 

10.70 

11.10 

10.78 

10.88 

10.80 

00 

0 

10 

12.04 

11.55 

10.53 

10.78 

10.94 

10.58 

10.83 

& 

11 

12.03 

11.73 

11.42 

11.29 

11.07 

10.65 

11.01 

W 

12 

12.28 

11.53 

11.16 

11.44 

11.38 

10.37 

10.77 

13 

12.31 

11.27 

10.72 

10.97 

10.81 

10.57 

10.77 

o 

14 

12.  13 

11.56 

12.  01 

12.51 

11.81 

11.21 

11.46 

15 

12.28 

11.89 

11.91 

11.87 

11.91 

11.79 

11.31 

w 

hr1 

16 

11.75 

11.47 

11.04 

11.09 

12. 18 

11.62 

10.98 

H 

17 

11.58 

11.43 

10.99 

11.28 

11.94 

11.03 

10.96 

18 

11.86 

11.63 

11.06 

11.22 

11.63 

11.10 

10.75 

19 

11.68 

12.  04 

11.39 

11.56 

11.53 

10.96 

10.88 

20 

12.56 

12.  38 

12. 16 

12. 18 

11.85 

11.82 

11.87 

21 

12.56 

12.38 

12. 16 

12.18 

11.85 

11.82 

11.87 

Time 

2:50 

3:03 

3:12 

3:19 

3:33 

3:45 

3:57 

Barometer  t2 

974.4 

974.3 

974.  3 

974.3 

974.3 

974.2 

974.3 

Barometer  #3 

974.  3 

974.2 

974.  2 

974.2 

974.2 

974. 1 

974.2 
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TABLE  7-8  CONTINUED 


Barometer  #1 

973.9 

973.8 

973.6 

973.8 

973.7 

973.7 

Hygrometer 

0.357 

0.383 

0.369 

0.393 

0.370 

0.366 

Time 

3:55 

4:09 

4:24 

4:33 

4:42 

4:53 

1 

12.45 

11.86 

11.74 

11.36 

11.50 

11.22 

2 

12.57 

11.42 

10.93 

10.73 

11.46 

11. 18 

3 

12.43 

11.63 

11.88 

11.16 

11.62 

12.07 

4 

11.98 

11.53 

11. 53 

11.09 

12.25 

12.37 

W 

5 

11.89 

11.17 

10.36 

11.39 

11.65 

11.95 

6 

10.65 

10.45 

10.67 

10.27 

10.57 

10.62 

| 

7 

10.82 

10.74 

10.68 

10.45 

10. 10 

11.04 

8 

10.51 

9.91 

9.71 

9.66 

11.43 

13.12 

Z 

0 

9 

10.36 

9.88 

9.  88 

9.58 

11.52 

13.12 

H 

w 

0 

Q. 

10 

10.30 

9.44 

9.  66 

9.61 

11.09 

12.54 

11 

10.27 

10. 18 

10.28 

10.18 

10.51 

12.38 

Oi 

12 

10.21 

11.06 

9.57 

11.03 

10.37 

12.02 

FI 

w 

Lj 

13 

10.15 

10.25 

10.27 

10.65 

10.83 

11.35 

r* 

w 

14 

11.56 

11.92 

11.36 

12.33 

12. 17 

12.70 

4 

0 

15 

11.09 

11.19 

11.49 

11.67 

12.20 

13.26 

16 

10.18 

10.94 

11.67 

11.32 

11.87 

13.11 

w 

K 

17 

11.10 

10.86 

11.98 

10.88 

12.20 

13.23 

H 

18 

12.04 

11.63 

12.42 

11.58 

12.06 

12.52 

19 

13.00 

12.  51 

11.58 

12.01 

11.64 

11.36 

20 

12.40 

12.02 

12.66 

12.59 

11.51 

11.39 

21 

12.40 

12.  02 

12.  66 

12.59 

11.51 

11.39 

Time 

4:04 

4:22 

4:35 

4:44 

4:51 

5:07 

Barometer  #2 

974.3 

974.2 

974. 1 

974.0 

974. 1 

974.1 

Barometer  #3 

974.2 

974.0 

974.  0 

974.0 

974. 1 

974.0 

TABLE  7-8  CONTINUED 


Barometer  #1 

973.6 

973.5 

973.5 

973.6 

973.4 

Hygrometer 

0.  360 

0.345 

0.379 

0.398 

0.  384 

Time 

5:13 

5:18 

5:29 

5:40 

5:52 

1 

10.99 

11.66 

12.49 

12.79 

12. 10 

2 

11.30 

11.88 

12.25 

12.27 

11.93 

H 

3 

11.18 

11.73 

12.49 

12.65 

12.07 

| 

4 

12.39 

12.29 

12.73 

12.94 

12.54 

2 

5 

12.  58 

11.69 

12.88 

12.54 

12.78 

Z 

6 

10.97 

11. 30 

12.53 

11.50 

11.98 

o 

l-l 

Fh 

7 

14. 16 

14.97 

15.36 

13.46 

11.56 

l-t 

w 

/''I 

8 

14.02 

14.22 

14.82 

14.68 

11.51 

CJ 

Pk 

9 

13.68 

14.27 

14.94 

13.78 

12. 18 

CrS 

m 

10 

13.73 

13.75 

14.81 

13.81 

12.54 

w 

H 

rj 

11 

12.93 

13.31 

14.65 

13.63 

11.43 

2 

12 

13.44 

13.57 

14.11 

12.88 

12.08 

o 

13 

12.57 

14.25 

14.57 

13.39 

11.47 

w 

14 

14.25 

14.43 

15.17 

13.85 

12.65 

E 

H 

15 

14.21 

14.59 

15.19 

14. 17 

12.80 

16 

13.69 

14.  30 

14.71 

14.49 

12.23 

17 

13.68 

14.46 

14.78 

14.60 

12. 18 

18 

13.92 

13.42 

14.86 

14.22 

12.40 

19 

12.19 

12.  11 

13.88 

13.  36 

12.39 

20 

11.12 

12.  16 

12.52 

12. 18 

12.31 

21 

11.12 

12. 16 

12.52 

12. 18 

12.31 

Time 

5:24 

5:30 

5:39 

5:55 

6:03 

Barometer  #2 

973.8 

973.9 

974.0 

974.  0 

973.7 

Barometer  #3 

973.8 

973.8 

973.9 

973.8 

973.8 
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with  an  observer  starting  down  the  line  approximately  every  twelve 
minutes.  Since  it  normally  took  more  than  twelve  minutes  to  obtain 
all  of  the  required  data,  two  people  were  recording  data  much  of  the 
time.  Those  taking  the  data  made  an  effort  to  move  along  the  line 
at  a  constant  speed  and  therefore  the  approximate  time  at  which  any 
given  temperature  measurement  was  made,  can  be  obtained  by  inter¬ 
polating  between  the  starting  and  ending  times  of  the  particular  pass. 
The  atmospheric  information  was  corrected  in  the  manner  described 
in  the  preceding  section  and  converted  into  different  units  where 
desirable.  The  results  are  presented  in  Tables  7-5,  7-6,  7-7  and 
7-8,  where  air  pressure  is  given  in  millibars,  temperature  in 
degrees  centigrade,  water  vapor  pressure  (hygrometer)  in  inches 
of  mercury,  and  time  in  hours  and  minutes  after  8:00  P.  M. 

E.D.T.  on  the  day  in  which  the  particular  experiment  period  began. 

(f)  Distance  Measurement 

On  September  12,  four  separate  measurements  of  the  base¬ 
line  were  made  using  the  RADC  Geodimeter.  The  magnitude  of  the 
results,  together  with  the  approximate  times  at  which  they  were 
obtained,  are  given  in  Table  7-9-  Time  is  measured  in  the  manner 
described  in  the  previous  section. 

TABLE  7-9 

Measured  Distance,  Corrected  Distance  And 
Average  Refractive  Index  Values 
For  September  12,  1967 


Time 

Measured 
Distance 
in  Meters 

Measured 
Distance 
in  F eet 

Average 

Refractive 

Index 

Corrected 
Distance 
in  Feet 

0:37 

499-892 

1640.0656 

1.00027698 

1640.1182 

0:58 

499-885 

1640.0427 

1.00027726 

1640. 0948 

1:59 

499-878 

1640.0197 

1.  00027821 

1640. 0702 

2:  28 

499-882 

1640.0328 

1.00027866 

1640.  0826 
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On  September  13,  14,  and  14  a  very  large  number  of  distance 
measurements  were  made  using  the  Spectra  Physics  Geodolite.  Each 
measurement  was  the  result  of  averaging  over  a  ten  second  period. 

The  measurements  were  made  in  groups  of  about  ten  calibration 
measurements  followed  by  approximately  ten  baseline  length  measure¬ 
ments  followed  by  ten  more  calibration  measurements,  followed  by 
ten  length  measurements,  etc.  At  the  suggestion  of  Mr.  Mansir, 
the  first  two  measurements  in  each  group  were  ignored  and  the  rest 
were  averaged.  The  average  of  each  calibration  group  was  used  to 
determine  the  equipment  correction  to  be  applied  to  the  average  of  the 
baseline  measurement  group  which  followed  it.  In  a  few  cases,  entire 
measurement  groups  were  thrown  out  because  notes  on  the  original 
data  sheets  indicated  that  they  might  not  be  reliable.  The  average  of 
each  measurement  group,  corrected  as  described  above  is  given  in 
Tables  7-10,  7-11  and  7-12  under  the  heading  "Measured  Distance". 

The  average  time  at  which  the  measurements  in  the  group  were  made 
is  also  given.  Here  again,  time  is  measured  from  8:00  P.M.  E.D.T. 
on  the  day  in  which  the  experiment  period  began. 

3.  COMPUTER  PROCESSING 

(a)  Determining  the  Average  Refractive  Index  Along  the  Baseline 

All  the  temperature,  air  pressure,  water  vapor  pressure, 
distance  measurement  and  identifying  time  data  were  fed  into  the 
SURC,  SDS  Model  930  computer.  Using  the  formula  given  by  Equation 
(B  -  11),  the  refractive  index  of  the  atmosphere  was  computed  for 
each  thermometer  position  at  the  instant  of  each  length  measurement. 
For  the  Geodimeter,  an  effective  vacuum  wavelength  of  0.  550  microns 
was  used  and  for  the  Geodolite  0.63299146  microns.  Since  a 
complete  description  of  the  computer  program  used  to  accomplish  this 
is  given  in  the  separate  report  "Documentation  for  Distance  Measure¬ 
ment  Program,  "  only  a  brief  description  of  some  of  the  more  important 
aspects  of  the  processing  will  be  given  here. 
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TABLE  7-10 


Measured  Distance,  Corrected  Distance  and 
Average  Refractive  Index  Values 
for  September  13,  1967 


Time 

Measured  Distance 
in  Feet 

Average  Refractive 
Index 

Corrected 
Distance  in 
Feet. 

2:06 

1640. 1380 

1.00027768 

1640. 1412 

2:11 

1640. 1261 

1.00027788 

1640.  1290 

2:14 

1640. 1326 

1.00027798 

1640. 1353 

2:17 

1640. 1370 

1.00027810 

1640. 1396 

2:21 

1640. 1341 

1.00027821 

1640. 1365 

2:25 

1640. 1357 

1.00027836 

1640. 1378 

2:27 

1640. 1374 

1.00027845 

1640. 1394 

2:30 

1640. 1364 

1.00027862 

1640.1381 

2:33 

1640. 1318 

1.00027878 

1640.  1332 

2:39 

1640. 1384 

1.00027900 

1640. 1395 

2:45 

1640. 1363 

1.00027924 

1640. 1370 

2:51 

1640. 1354 

1.00027958 

1640. 1355 

2:58 

1640. 1340 

1.00027980 

1640. 1338 

3:06 

1640. 1387 

1.00027986 

1640. 1384 

3:09 

1640. 1363 

1.00027970 

1640.  1362 

3:14 

1640. 1362 

1.00027953 

1640. 1364 

3:17 

1640. 1199 

1.00027953 

1640. 1201 

3:21 

1640. 1233 

1.00027960 

1640. 1234 

3:27 

1640. 1525 

1.00027981 

1640. 1522 

3:29 

1640. 1465 

1.00027989 

1640. 1461 

3:35 

1640. 1404 

1.00028004 

1640. 1398 

3:37 

1640. 1404 

1.00028  001 

1640.  1398 

3:41 

1640. 1446 

1. 00027989 

1640. 1442 

3:45 

1640. 1284 

1.00027971 

1640. 1283 

3:52 

1640. 1457 

1.00027943 

1640. 1461 

3:55 

1640. 1570 

1.00027935 

1640. 1575 

3:57 

1640. 1510 

1.00027929 

1640. 1516 

4:01 

1640. 1483 

1. 00027910 

1640. 1492 

4:04 

1640. 1529 

1. 00027894 

1640. 1541 

4:07 

1640. 1425 

1.00027885 

1640. 1438 

4:13 

1640. 1463 

1.00027849 

1640. 1482 

4:16 

1640. 1443 

1.00027824 

1640. 1466 

4:19 

1640. 1470 

1.00027803 

1640. 1497 

4:23 

1640. 1567 

1.00027783 

1640. 1597 

4:26 

1640. 1463 

1. 00027777 

1640. 1494 

4:30 

1640. 1448 

1.00027775 

1640.  1479 
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TABLE  7-10  CONTINUED 


Time 

Measured  Distance 
in  Feet 

Average  Refractive 
Index 

Corrected 
Distance  in 
Feet 

4:34 

1640. 1501 

1.00027765 

1640. 1534 

4:37 

1640. 1471 

1. 00027760 

1640. 1505 

4:40 

1640. 1449 

1. 00027759 

1640. 1483 

4:44 

1640. 1470 

1.00027759 

1640. 1504 

4:48 

1640. 1448 

1. 00027757 

1640. 1482 

4:57 

1640.1391 

1.00027774 

1640. 1422 

5:00 

1640. 1368 

1.00027781 

1640. 1398 

5:04 

1640. 1331 

1. 00027775 

1640.1331 

5:07 

1640. 1584 

1. 00027759 

1640. 1618 

5:15 

1640. 1425 

1. 00027738 

1640. 1462 

5:19 

1640. 1487 

1. 00027721 

1640. 1527 

5:23 

1640. 1451 

1.00027710 

1640. 1493 

5:26 

1640. 1469 

1. 00027703 

1640. 1512 

5:30 

1640. 1527 

1. 00027701 

1640. 1570 

5:35 

1640. 1484 

1.00027691 

1640.  1529 

5:39 

1640. 1498 

1.00027683 

1640. 1544 
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TABLE  7-11 


Measured  Distance,  Corrected  Distance  and 
Average  Refractive  Index  Values 
for  September  14,  1967 


Time 

Measured  Distance 
in  Feet 

Average  Refractive 
Index 

Corrected 
Distance  in 
Feet 

1:11 

1640.  1052 

1. 00027393 

1640. 1146 

1:13 

1640.1066 

1. 00027398 

1640. 1159 

1:17 

1640. 1007 

1. 00027397 

1640. 1100 

1:20 

1640. 1005 

1.00027394 

1640. 1099 

1:24 

1640.0996 

1.00027391 

1640. 1090 

1:27 

1640.0994 

1.00027389 

1640. 1089 

1:33 

1640. 1108 

1.00027391 

1640. 1202 

1:37 

1640. 1103 

1.00027399 

1640.1196 

1:40 

1640.1101 

1.00027397 

1640. 1194 

1:42 

1640. 1093 

1.00027393 

1640. 1187 

1:45 

1640. 1103 

1.00027389 

1640. 1197 

1:48 

1640.1108 

1.00027406 

1640.1200 

1:51 

1640. 1130 

1.00027425 

1640. 1219 

1:55 

1640.1077 

1.00027443 

1640.1163 

2:04 

1640. 1145 

1.00027447 

1640. 1230 

2:07 

1640. 1164 

1.00027449 

1640. 1249 

2:10 

1640.1145 

1. 00027450 

1640. 1230 

2:14 

1640.1156 

1.00027449 

1640. 1241 

2:18 

1640. 1142 

1.00027453 

1640. 1226 

2:22 

1640. 1147 

1. 00027460 

1640. 1230 

2:25 

1640. 1155 

1.00027464 

1640. 1237 

2:28 

1640. 1162 

1.00027469 

1640. 1243 

2:31 

1640. 1151 

1. 00027468 

1640. 1233 

2:35 

1640.1198 

1.00027461 

1640. 1281 

2:46 

1640. 1125 

1.00027536 

1640. 1195 

2:50 

1640. 1107 

1.00027543 

1640.1176 

2:53 

1640.1100 

1.00027554 

1640. 1167 

2:56 

1640. 1084 

1. 00027560 

1640.1150 

3:10 

1640.1140 

1. 00027515 

1640. 1214 

3:13 

1640. 1138 

1. 00027502 

1640. 1214 

3:16 

1640. 1136 

1.00027490 

1640. 1214 

3:20 

1640. 1155 

1. 00027479 

1640. 1235 

3:24 

1640. 1149 

1.00027479 

1640. 1229 

3:28 

1640. 1156 

1. 00027486 

1640. 1235 

3:32 

1640.1154 

1. 00027496 

1640. 1231 

3:36 

1640. 1139 

1.00027507 

1640. 1214 

3:41 

1640. 1150 

1.00027520 

1640. 1223 

3:45 

1640. 1164 

1. 00027532 

1640. 1235 

3:49 

1640. 1158 

1. 00027554 

1640. 1225 
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TABLE  7-11  CONTINUED 


Time 

Measured  Distance 
in  Feet 

Average  Refractive 
Index 

Corrected 
Distance  in 
Feet 

3:52 

1640. 1175 

1.00027568 

1640. 1240 

3:56 

1640. 1197 

1.00027575 

1640. 1261 

3:59 

1640. 1174 

1.00027577 

1640. 1238 

4:09 

1640. 1137 

1.00027580 

1640. 1200 

4:14 

1640. 1168 

1.00027559 

1640. 1235 

4:18 

1640. 1163 

1.00027530 

1640. 1234 

4:22 

1640.1138 

1.00027511 

1640. 1213 

4:26 

1640. 1138 

1. 00027502 

1640. 1214 

4:30 

1640. 1139 

1.00027504 

1640. 1215 

4:35 

1640. 1158 

1.00027501 

1640. 1234 

4:41 

1640. 1142 

1.00027501 

1640. 1218 

4:44 

1640. 1169 

1.00027529 

1640. 1241 

4:51 

1640. 1174 

1.00027657 

1640. 1225 

4:55 

1640. 1162 

1.00027671 

1640. 1210 

5:19 

1640. 1184 

1.00027641 

1640. 1237 

5:23 

1640. 1140 

1.00027656 

1640. 1191 

5:26 

1640. 1202 

1.00027666 

1640. 1251 

5:30 

1640. 1159 

1.00027673 

1640. 1207 

5:34 

1640. 1202 

1.00027679 

1640. 1249 

5:37 

1640. 1202 

1.00027696 

1640. 1246 

5:44 

1640. 1107 

1.00027750 

1640. 1205 

5:48 

1640. 1242 

1.00027761 

1640. 1276 
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TABLE  7-12 


Measured  Distance*  Corrected  Distance  and 
Average  Refractive  Index  Values 
for  September  15,  1967 


Time 

Measured  Distance 
in  Feet 

Average  Refractive 
Index 

Corrected 
Distance  in 
Feet 

0:48 

1640. 1172 

1.00027107 

1640. 1313 

0:51 

1640. 1121 

1.00027123 

1640. 1259 

0:55 

1640. 1144 

1.00027150 

1640. 1278 

1:03 

1640. 1209 

1.00027227 

1640. 1330 

1:06 

1640. 1241 

1.00027267 

1640. 1356 

1:09 

1640.1187 

1. 00027294 

1640. 1297 

1:12 

1640.  1158 

1.00027301 

1640. 1267 

1:17 

1640.  1201 

1.00027310 

1640. 1309 

1:20 

1640. 1234 

1.00027331 

1640. 1338 

1:24 

1640. 1225 

1.00027366 

1640. 1323 

1:28 

1640. 1227 

1.00027390 

1640. 1321 

1:31 

1640. 1257 

1.00027408 

1640. 1348 

1:35 

1640. 1206 

1.00027428 

1640.  1294 

1:39 

1640. 1185 

1.00027444 

1640.1271 

1:42 

1640. 1175 

1.00027449 

1640. 1260 

1:45 

1640. 1186 

1.00027454 

1640. 1270 

1:48 

1640. 1183 

1.00027462 

1640. 1266 

1:52 

1640. 1182 

1.00027463 

1640. 1264 

1:56 

1640. 1264 

1.00027468 

1640. 1346 

2:00 

1640. 1252 

1.00027476 

1640. 1332 

2:06 

1640. 1288 

1.00027489 

1640.  1366 

2:10 

1640. 1257 

1.00027496 

1640. 1334 

2:13 

1640. 1270 

1.00027501 

1640. 1346 

2:16 

1640. 1259 

1.00027507 

1640. 1334 

2:19 

1640. 1249 

1.00027514 

1640. 1323 

2:23 

1640. 1262 

1.00027531 

1640. 1333 

2:26 

1640.  1200 

1.00027544 

1640. 1269 

2:29 

1640. 1235 

1.00027547 

1640.1304 

2:32 

1640. 1164 

1.00027532 

1640. 1235 

2:35 

1640. 1220 

1.00027525 

1640. 1292 

2:39 

1640. 1202 

1.00027540 

1640. 1272 

2:42 

1640. 1209 

1. 00027553 

1640. 1277 

2:46 

1640. 1190 

1. 00027574 

1640. 1254 

2:49 

1640. 1205 

1.00027586 

1640. 1267 

3:06 

1640. 1349 

1. 00027641 

1640. 1302 

3:09 

1640. 1284 

1.00027651 

1640. 1336 

3:12 

1640. 1216 

'  1.00027652 

1640. 1267 

3:23 

1640. 1292 

1.00027638 

1640. 1346 

3:27 

1640. 1235 

1.00027638 

1640. 1289 
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TABLE  7-12  CONTINUED 


Time  Measured  Distance 

in  Feet 


1640. 

1640. 

1640. 

1640. 

1640. 

1640. 

1640. 

1640. 

1640. 

1640. 

1640. 

1640. 

1640. 

1640. 

1640. 

1640. 

1640. 

1640. 

1640. 

1640. 

1640. 

1640. 

1640. 

1640. 

1640. 

1640. 


1184 

1212 

1220 

1276 
1290 
1291 
1246 

1258 

1308 
1301 
1291 

1277 
1310 

1331 
1342 

1332 
1294 

1309 
1281 
1320 
1286 

1259 
1235 
1230 
1309 
1312 


Average  Refractive 
Index 


1. 00027642 
1. 00027638 
1. 00027646 
1. 00027663 
1.00027667 
1. 00027664 
1. 00027668 
1. 00027672 
1.00027673 
1. 00027676 
1.00027678 
1. 00027676 
1. 00027674 
1. 00027667 
1. 00027645 
1.00027633 
1. 00027623 
1. 00027605 
1. 00027585 
1.00027540 
1.00027528 
1. 00027510 
1. 00027470 
1.00027450 
1. 00027421 
1. 00027397 


Corrected 
Distance  in 
Feet 


1640. 

1640. 

1640. 

1640. 

1640. 

1640. 

1640. 

1640. 

1640. 

1640. 

1640. 

1640. 

1640. 

1640. 

1640. 

1640. 

1640. 

1640. 

1640. 

1640. 

1640. 

1640. 

1640. 

1640. 

1640. 

1640. 


1237 

1266 

1272 

1326 

1339 

1340 
1295 
1306 
1356 
1348 
1338 
1324 
1358 
1380 
1395 
1386 
1350 
1368 
1343 
1390 
1358 
1334 
1316 
1315 
1398 
1405 
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The  time  at  which  each  air  pressure  and  water  vapor  pressure 
observation  was  made  is  presented  in  the  data.  The  time  at  which 
each  temperature  observation  was  made  was  obtained  by  interpolating 
between  the  beginning  and  ending  times  of  the  respective  passes  down 
the  baseline  assuming  that  the  observer  moved  at  constant  speed. 

To  obtain  the  refractive  index  at  any  particular  thermometer 
location  and  any  particular  instant,  it  was  necessary  to  determine 
the  prevailing  values  of  temperature,  air  pressure,  and  water 
vapor  pressure.  The  temperature  was  obtained  by  interpolating 
between  the  value  of  temperature  observed  immediately  before  and 
immediately  after  the  time  being  considered. 

The  air  pressure  was  obtained  by  a  double  interpolation.  The 
pressure  at  each  end  of  the  line,  at  the  instant  being  considered,  was 
obtained  by  interpolating,  with  respect  to  time;  between  the  values  of 
pressure  observed  just  before  and  just  after  that  instant.  The  second 
interpolation  was  with  respect  to  distance  between  the  values  calcu¬ 
lated  to  exist  at  the  ends  of  the  baseline. 

Water  vapor  pressure  was  assumed  to  be  constant  with  respect 
to  distance.  Therefore,  the  effective  value  of  water  vapor  pressure 
at  a  particular  time  and  location  was  obtained  by  a  single  interpolation 
with  respect  to  time  between  the  appropriate  recorded  values. 

The  average  refractive  index  along  the  baseline  was  computed 
using  Equation  (B-16)  which  assumes  that  this  quantity  varied  linearly 
between  the  various  thermometer  positions.  The  results  of  computing 
this  average  for  each  time  of  interest  are  given  in  Tables  7-9,  7-10, 
7-11,  and  7-12. 

(b)  Propagation  Corrections  for  the  Distance  Measurements 

(1)  The  Geodimeter 

This  instrument  produces  amplitude  modulated  radiation  which 
is  centered  at  0.  550microns  and  is  calibrated  at  an  air  pressure  of 
760  mm,  a  temperature  of  -4°C  and  zero  water  vapor  pressure.  The 
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formula  for  the  corrected  distance,  D,  is  obtained  by  substituting  these 
calibration  conditions  into  Equation  (B-23).  The  result  is: 


D  = 


n  (  t  =  -4 °C,  P=  760  mm,  e  =  0) 

VJ 


S 


1.  0003090353 
nG 


(7-D 


where  S  is  the  distance  indicated  by  the  Geodimeter  and  Rq  is  the 

average  group  refractive  index  along  the  ray  path.  It  should  be 

mentioned  that  the  0.  550  micron  wavelength  is  approximate  to  the 

extent  that  it  is  close  enough  to  the  correct  value  to  produce  measure- 

6 

ments  which  are  accurate  to  one  part  in  10  .  This  wavelength  applies 
to  Geodimeters  which  use  either  the  tungsten  or  mercury  lamp. 

(2)  The  Geodolite 

This  equipment  uses  an  amplitude  modulated  laser  beam  as  its 
radiated  signal  and  is  calibrated  to  produce  accurate  measurements 
for  a  temperature  of  20°C,  air  pressure  of  760  mm  and  zero  water 
vapor  pressure.  The  laser  vacuum  wavelength  is  0.63299146  microns. 
If  S  denotes  the  distance  as  measured  using  the  Geodolite,  then  the 
correct  value  for  the  distance,  D,  is: 


n  (20°C,  760  mm,  0mm) 

Lr 


(1.  0002796568) 


(7-2) 


where  1.0002796568  is  the  group  refractive  index  obtained  by  sub¬ 
stituting  the  calibration  conditions  into  Equation  (B-ll)  and  solving 
for  n  •  n_  is  obtained  by  averaging  the  values  calculated  for  the 
various  points  along  the  line. 
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The  results  of  correcting  the  distance  measurements  obtained 
on  September  12-15  are  presented  in  Tables  7-9>  7-10,  7-11,  and  7-12 
under  the  heading  "Corrected  Distance." 

4.  RESULTS  AND  CONCLUSIONS 

At  the  time  that  the  Mansfield  experiments  were  carried  out, 
the  length  of  the  baseline  was  not  known  with  high  accuracy.  It  was 
anticipated  however,  that  by  the  time  the  data  was  reduced  and 
analyzed,  the  baseline  length  would  be  known  with  high  accuracy. 

This  information  was  expected  to  come  from  two  measurement  pro¬ 
grams.  First,  the  line  had  been  measured  in  the  Fall  of  1966 
using  the  Vaisala  technique  and  it  was  expected  that  the  results  of 
this  work  would  be  available.  Unfortunately,  the  processing  of  this 
data  has  not  been  completed  and  the  results  are  not  known.  Even 
when  they  do  become  available  their  usefulness  may  be  somewhat 
reduced  because  of  the  possibility  that  the  pillars  and  monuments 
on  the  line  could  have  moved  during  the  intervening  period. 

It  was  also  expected  that  Ohio  State  personnel,  under 
the  direction  of  Sol  Cushman,  would  remeasure  the  line  using  the 
Vaisala  equipment  soon  after  the  experiments  described  here  were 
completed.  This  was  attempted  but  unfavorable  weather  conditions 
produced  variations  in  the  refractive  index  of  the  atmosphere  which 
were  so  great  that  interference  fringes  could  not  be  obtained  over 
the  longer  distances.  Therefore,  no  baseline  length  data  was  obtained 
and  the  only  information  presently  available  concerning  the  length 
of  the  line  was  obtained  using  less  accurate  techniques.  It  is  estimated 
by  Mr.  Cushman  that  the  line  is  499*9064  meters  (1640.113  ft)  long 
and  that  this  result  is  accurate  to  +  two  parts  per  million.  This  error 
corresponds  to  +_  l  millimeter  =  +  0.  00328  ft  =  +_  0.0394  inches,  and 
therefore,  the  line  length  must  be  somewhere  between  1640.110  ft 
and  1640. 116  ft. 

Although  the  more  accurate  length  data  would  have  been  more 
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useful,  the  available  data  does  allow  many  meaningful  conclusions 
to  be  drawn. 

(a)  The  Geodimeter  Measurements 

The  Geodimeter  length  measurements,  corrected  for  refractive 
index  effects,  are  given  in  Table  7-9*  These  values  vary  from 
1640. 0702  to  1640.1182  and  this  spread  is  about  what  one  would  expect. 

As  listed  in  Part  2d  of  this  section,  the  Geodimeter  has  a  rated 
average  error  of  one  centimeter  plus  two  millionths  of  the  distance 
being  measured.  For  the  500  meter  line,  this  corresponds  to  an 
error  of  +  11  millimeters  which  is  equivalent  to  +  0.434  inches  or 
+  0.  0362  ft.  If  this  error  and  the  error  assumed  to  exist  in  the  known 
length  of  the  line  are  combined,  it  is  found  that  the  Geodimeter 
measurements  should  have  been  between  1640.074  ft  and  1640.152  ft. 
Three  of  the  four  values  fall  within  this  range  but  the  fourth  is  slightly 
below  it.  The  average  of  the  four  measurements  is  1640.  0915  which 
is  within  the  lower  portion  of  the  range.  On  the  basis  of  this  small 
amount  of  information  it  is  concluded  that  the  Geodimeter  under 
test  may  be  slightly  out  of  calibration,  producing  measurements  which 
are,  on  the  average,  a  little  less  than  the  correct  values. 

For  the  measurements  being  considered,  we  have  a  spread  of 
0.0481  ft,  in  the  corrected  values  and  0.0460  ft.  in  the  measured 
values.  The  corrected  values  have  a  greater  spread  than  the  measured 
values  and  this  is  contrary  to  theory.  That  is,  if  the  spread  in  the 
measured  values  is  partly  due  to  variations  in  the  refractive  index 
then  since  this  effect  is  removed  during  correction,  the  resulting 
values  should  have  a  smaller  spread.  The  reason  for  this  disagreement 
with  theory  can  be  found  by  considering  the  various  sources  of 
error  in  the  measurement.  The  instrumental  error  has  been  shown 
to  be  _+  11  millimeters  which  is  _+  twenty  two  parts  per  million.  This 
source  of  error  could  result  in  measurements  which  are  as  far  apart 
as  44  parts  per  million. 
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Now  consider  the  variation  in  the  refractive  index.  According 
to  Table  7-9  this  quantity  varied  from  1.  00027698  to  1.  00027866  for 
the  four  measurements  being  considered.  This  is  a  variation  of  only 
1.68  parts  per  million  in  the  velocity  of  propagation.  Therefore, 
the  error  in  the  measuring  equipment  completely  obscures  the 
variation  of  atmospheric  propagation  effects  and  it  is  no  surprise 
that  the  corrected  values  have  a  greater  spread  than  the  measured 
values  when  only  four  samples  are  used.  In  addition,  since  only 
five  groups  of  atmospheric  measurements  were  made  during  the 
155  minute  interval  when  the  distance  measurements  were  made, 
there  is  a  very  real  possibility  that  the  calculated  average  refractive 
index  values  are  somewhat  in  error.  This  would  not  be  more  than  one 
or  two  parts  per  million,  however. 

(b)  The  Geodolite  Measurements 

One  of  the  primary  objectives  of  the  experiments  was  the 
evauation  of  the  visible  wavelength  refractive  index  correction  tech¬ 
nique  developed  during  the  course  of  this  study.  In  the  original 
planning  it  was  assumed  that  the  average  refractive  index  would 
probably  vary  by  at  least  ten  parts  per  million  during  the  experiment 
period.  It  was  expected  that  the  line  length  would  be  known  to  better 
than  +  one  part  per  million  and  that  the  Geodolite  would  operate 
at  its  rated  accuracy  of  Hh  two  parts  per  million.  On  the  basis  of 
these  requirements,  the  spread  of  the  actual  measured  lengths  could 
be  expected  to  be  approximately  fourteen  parts  per  million  and  if 
the  correction  technique  is  valid,  the  spread  of  the  corrected  values 
should  be  within  two  parts  per  million  of  the  known  line  length. 

The  refractive  index  did  vary  by  about  ten  parts  per  million 
but  the  line  length  is  known  only  with  an  accuracy  of  +_  two  parts 
per  million.  Furthermore,  it  turned  out  that  the  operators  had 
difficulty  in  obtaining  proper  operation  of  the  Geodolite  for  a  mea¬ 
suring  distance  as  short  as  500  meters.  They  found  that  the  error 
in  the  instrument  under  the  existing  conditions  was  +  0.  01  ft,  which 


is  +_  six  parts  per  million.  Errors  of  this  magnitude  can  obscure 
some  of  the  effects  of  the  correction  formula.  As  a  result  the 
original  objective  of  evaluating  the  environmental  correction  techni¬ 
que  was  not  completely  achieved.  In  spite  of  this  several  significant 
conclusions  can  be  reached  from  the  data  which  was  obtained. 

It  has  turned  out  that  the  data  obtained  on  each  of  the  three 
evenings  during  which  Geodolite  measurements  were  made  has  its 
own  distinctive  characteristics.  We  will  therefore  consider  the  data 
obtained  during  each  experimental  period  separately. 

(1)  Measurements  made  on  September  13,  1967 

This  night  produced  distance  measurement  results  which  were 
relatively  useless.  It  was  the  first  night  of  Geodolite  operation  and 
a  single  reflecting  prism  was  used.  Several  difficulties  were  expe¬ 
rienced  because  of  the  limited  length  of  the  range.  Also  as  described 
in  Part  2(c)  the  atmospheric  conditions  were  very  poor.  When  the 
actual  length  measurements  are  plotted  in  histogram  form,  then 
result  is  that  shown  in  Figure  7- 7a.  The  measured  values  cover  a 
range  from  1640.  1190  to  1640.  1585  ft.  When  these  values  are  corrected 
for  variations  in  the  refractive  index,  the  result  is  a  set  whose  histo¬ 
gram  is  given  in  Figure  7-7b.  This  procedure  has  caused  the  average 
distance  to  increase  slightly  and  the  spread  of  the  values  to  increase . 
This  latter  effect  is  just  the  opposite  of  what  should  have  occurred. 

As  in  the  Geodimeter  case  it  is  reasonable  to  expect  that  measurements 
taken  over  an  extended  period  of  time  will  have  a  significant  spread 
since  the  atmospheric  characteristics,  and  therefore  the  refractive 
index,  were  varying.  When  the  correction  formula  is  applied  however, 
the  effect  should  be  to  remove  that  part  of  the  spread  in  the  distance 
measurements  which  was  due  to  variations  in  propagation  velocity. 

Since  in  this  case,  the  spread  was  increased,  it  seems  that  the  data 
probably  contained  very  large  random  errors.  Furthermore,  the 
spread  in  measured  values  is  equivalent  to  more  than  twenty-three  parts 
per  million  while  the  spread  in  the  calculated  refractive  index  values 
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for  the  period  is  only  3.2  parts  per  million.  It  therefore  appears 
that  on  this  evening  the  range  of  errors  in  the  Geodolite  measurements 
approached  twenty  parts  per  million  which  is  considerably  greater 
than  the  modified  accuracy  specification  presented  in  the  preceding 
section.  In  terms  of  numbers,  the  average  and  the  standard  deviation 
of  the  measured  and  corrected  lengths,  together  with  the  correlation 
coefficient  between  the  average  refractive  indexes  and  tile  measured 
lengths  were  calculated.  The  results  are  presented  below  along 
with  the  corresponding  data  for  September  14  and  15. 

TABLE  7-13 

Baseline  Measurement  Statistics 


Sept.  13 

Sept.  14 

Sept.  15 

Average  Measured  Length  (S) 

1640. 1419  ft. 

1640.  1136ft. 

1640.  1245  ft. 

Average  Corrected  Length  (D) 

1640. 1438  ft. 

1640.  1 21  Oft . 

1640.  t3 17  ft. 

Standard  Deviation  of  Measured 
Lengths 

0.  0083  ft. 

0.  0050  ft. 

0.  0052  ft. 

Standard  Deviation  of  Corrected 
Lengths 

0.  0090  ft. 

0.  0041  ft. 

0.  0042  ft. 

Correlation  Coefficient  bejtween 
average  refractive  index  (n)  and 
measured  values  (S) 

-0.  312 

0.  668 

0.  587 

The  inaccuracies  and  anomalies  of  the  September  13th  data  are 
clearly  illustrated  by  these  numbers.  The  average  corrected  length  (D) 
is  nineteen  parts  per  million  (0.  0308  ft.  )  away  from  the  known  value 
of  baseline  length.  The  standard  deviation  of  the  corrected  lengths  is 
greater  than  that  of  the  measured  lengths  and  therefore  the  correlation 
coefficient  is  negative.  The  negative  correlation  coefficient  implies 
that  the  dependence  of  the  distance  measurements  upon  refractive  index 
is  just  the  opposite  of  that  which  theory  predicts.  Such  data  is  clearly 
not  of  much  use  in  satisfying  the  objectives  which  were  listed  at  the 
beginning  of  this  section. 
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(2)  Measurements  made  on  September  14,  1967. 


The  weather  on  this  night  was  considerably  more  favorable 
for  distance  measuring  than  that  of  the  preceding  evening.  Three 
reflecting  prisms  were  used.  The  important  characteristics  of  the 
data  are  presented  in  the  manner  used  in  the  preceding  section.  The 
histograms  of  the  measured  and  corrected  values  of  baseline  length 
are  presented  in  Figures  7- 8a  and  7- 3b  where  it  will  be  noticed  that 
a  significant  reduction  in  the  dispersion  of  the  values  is  obtained 
through  refractive  index  correction.  The  values  of  Table  7-13  express 
this  effect  in  a  numerical  way  since  the  standard  deviation  of  the 
corrected  values  is  significantly  less  than  that  of  the  measured  values. 
This  results  from  the  fact  that  there  is  significant  correlation  between 
the  average  refractive  index  and  the  measured  values  of  distance.  This 
characteristic  of  the  data  is  in  accordance  with  theory. 

(3)  Measurements  made  on  September  15,  1967 

The  histograms  of  the  data  obtained  during  this  period  are 
presented  in  Figures  7- 9a  and  7- 9b  and  the  numerical  data  in  Table 
7-13.  Here  as  for  the  preceding  night,  three  reflecting  prisms  were 
used  and  the  spread  of  the  data  points  is  significantly  less  after 
correction  than  before.  The  corresponding  standard  deviation  and 
correlation  coefficients  are  also  comparable.  The  weather  on  this 
evening,  while  far  from  ideal,  was  similar  to  that  of  September  14,  and 
much  better  for  the  purposes  of  the  experiments  than  that  of  September 
13. 


(4)  Comparison  of  Geodolite  Measurements 

The  distance  measurements  obtained  on  September  13,  have  a 
large  dispersion  which  becomes  even  greater  after  correction.  Since 
just  the  opposite  should  occur,  it  is  concluded  as  mentioned  above, 
that  this  data  contains  large  random  errors  and  is  not  useful  in 
reaching  any  meaningful  conclusions.  The  data  obtained  on  the 
following  two  nights  is  quite  useful,  however.  After  correction,  each 
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set  has  a  rather  well-behaved  distribution  with  a  standard  deviation 
of  approximately  0.0041  ft.  which  is  2.  5  parts  in  10^  for  the  1640  ft. 
baseline.  The  range  of  the  corrected  lengths  for  each  set  is  given 
in  Table  7-14  where  it  is  seen  that  the  dispersion  is  just  about  what 
would  be  expected  from  an  instrument  having  an  accuracy  of  4^  0.  01  ft. 

(+  6  ppm.  )  There  is  a  discrepancy,  however,  in  the  average  of  the 
corrected  lengths  for  the  two  experiment  periods.  That  is,  while  the 
values  of  corrected  length  for  the  14th  and  15th  are  clustered  around 
particular  points  with  reasonable  standard  deviations,  the  centers  of 
the  distributions  (Average  Corrected  Length)  for  the  two  nights  are 
separated  by  0.0107  ft.  Effectively,  data  collected  on  September  14 
indicates  that  the  distance  being  measured  was  0.0107  ft.  (0.128 
inches)  shorter  than  the  distance  measured  on  September  15.  This  is 
equivalent  to  6.  5  parts  per  million  and  none  of  those  participating  in 
the  experiments  can  provide  an  explanation  for  such  a  result.  When 
one  looks  at  the  temperature  data,  for  the  two  nights  he  finds  that  there 
were  some  significant  differences,  however.  For  example,  at  the 
beginning  of  the  experiment  period  and  in  the  vicinity  of  the  Geodolite, 
the  temperature  was  approximately  13 °C  on  September  14th  and  19 °C 
on  September  15th.  An  initial  calibration  of  the  instrument  is  made 
at  this  time  and  place.  This  author,  however,  does  not  see  any  way 
in  which  these  different  calibration  conditions  can  explain  the  difference 
in  the  centers  of  the  point  distributions. 

Of  course,  it  is  possible  that  the  length  of  the  line  did  change. 
Since  the  geodolite  was  moved  between  the  two  measuring  periods  and 
a  cover  was  placed  over  the  reflecting  prisms,  either  one  or  both 
could  have  moved  a  total  of  0.128  inches.  Also,  since  three  reflecting 
prisms  were  used,  it  is  possible  that  the  geodolite  alignment  was 
such  that  the  return  from  one  prism  dominated  on  September  14  while 
that  from  one  of  the  others  had  the  greatest  effect  on  the  15th.  These 
suggestions  are  presented  only  as  possibilities  since  the  source  of 
the  differences  cannot  be  positively  ascertained. 
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TABLE  7-  U 


Baseline  Measurement  Statistics 


Average  Corrected  Length 

Deviation  of  Average  Corrected 
Length  from  the  True  Value  of 
Line  Length 

Maximum  Corrected  Length 

Maximum  Positive  Deviation 
from  the  Average  Line  Length 

Minimum  Corrected  Length 

Maximum  Negative  Deviation 
from  the  Average  Line  Length 


Sept.  14 
1640.  1210  ft. 

0.  0080  ft 
4.  9  ppm 

1640.  1281  ft. 

0.  0071  ft 
4.  3  ppm 

1640.  1089  ft 

0.  0121  ft. 

7 . 4  ppm 


Sept.  15 
1640.  1317  ft. 

0.  0187  ft 
11.4  ppm 

1640.  1405  ft. 

0.  0088  ft. 

5 .  4  ppm 

1640.  1235  ft. 

0.  0082  ft. 

5 .  0  ppm 


-  146  - 


(5)  Determining  the  Length  of  the  Baseline  from  the  Geodolite 
Measurements . 

Because  of  the  peculiar  way  in  which  the  two  sets  of  usable 
Geodimeter  data  were  distributed,  we  will  not  combine  them,  but  rather 
will  determine  the  baseline  length  indicated  by  each  set.  The  easiest 
way  of  doing  this  is  merely  to  use  the  average  of  the  corrected  lengths 
which  are  presented  in  Table  7-14.  One  is  led  to  inquire  hov/ever,  if 
a  mean  square  fit  to  the  data  might  not  provide  a  more  accurate  way 
of  interpreting  the  Geodimeter  measurements.  Therefore,  it  was 
assumed  that  the  true  distance  and  measured  distance  were  related 
by  the  formula: 


S  =  (-£-)  n  +  c  (7-3) 

o 


where  S  is  the  measured  length 
D  is  the  true  length 

n  is  the  refractive  index  under  calibration  conditions 
o 

n  is  the  average  refractive  index  along  the  line 
c  is  the  error. 

We  are  interested  in  determining  the  value  of  D  which  will 
minimize  the  mean  squared  value  of  the  error  f  .  When  this  is  done 
the  result  is: 

Date  D  (minimum  mean  squared  error)  D  (average) 

Sept.  14  1640.12105  ft.  1640.1210  ft. 

Sept.  15  1640.13190  ft.  1640.1317  ft. 

where  the  average  value  of  corrected  distance  is  included  for  compari 
son.  The  differences  in  the  corresponding  values  are  negligible. 
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Other  attempts  were  made  to  extract  more  information  from 
the  recorded  data.  For  example,  the  mathematical  model  was 
changed  and  the  measured  distance  was  represented  by  the  equation 

S  =  (-^-)  n  +  b  +  c  (7-4) 

o 

where  in  this  case  b  is  a  constant  error  and  e  is  a  random  error. 

When  one  tries  to  determine  both  D  and  b  such  that  «  is  minimized, 
he  obtains  completely  unrealistic  results. 

Next,  Equation  (7-4)  was  again  used  together  with  the  value  of 
D  obtained  in  the  first  case  above.  The  equation  was  solved  to  see  if 
there  was  a  value  for  b  which  would  make  the  mean  square  value  of  c 
less  than  that  in  the  first  case  where  b  was  set  equal  to  zero.  The 
values  of  b  which  were  obtained  from  this  procedure  were  negligibly 
small  therebye  indicating  that  there  was  no  significant  constant  error 
in  the  data . 

The  mathematical  model  used  above  is  based  on  the  assumption 
that  the  error  in  n  is  negligible  when  compared  to  the  error  in  S.  When 
the  approach  to  the  problem  is  changed  and  instead  it  is  ass'  med  that 
the  major  source  of  error  is  that  in  n,  the  values  of  D  calculated  to 
minimized  the  mean  squared  errors,  are  within  one  part  in  10^  of  those 
presented  in  Table  7-15.  Therefore,  it  is  concluded  that  for  the  pur¬ 
pose  of  these  experiments  nothing  is  gained  by  a  minimum  mean  square 
error  approach  and  the  average  corrected  values  may  as  well  be  used. 

(c )  Refractive  Index  Determination  and  Temperature  Sampling 

Although  not  anticipated  at  the  beginning  of  the  experimental 
program,  it  has  turned  out  that  the  temperature  sampling  data  which 
was  obtained  is  of  considerable  interest  all  by  itself.  One  of  the 
questions  which  always  arises  when  highly  accurate  electromagnetic 
distance  measurements  are  made  is,  "How  many  temperature  samples 
along  the  ray  path  must  be  taken?  "  A  similar  problem  usually  does 
not  occur  for  the  air  pressure  and  water  vapor  pressure  parameters 
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because  normal  variations  of  these  quantities  with  respect  to  time 
and  space  produce  relatively  small  variations  in  the  average  refractive 
index.  One  or  two  measurements  of  each  of  these  quantities  is 
usually  sufficient  even  for  relatively  long  ray  paths.  This  is  borne 
out  by  the  experimental  data  obtained  in  September  where  the  magni¬ 
tude  of  the  variations  in  these  quantities  was  such  as  to  produce  a 
negligible  effect  upon  the  refractive  index. 

Temperature,  however,  must  be  treated  differently.  Normal 
variations  in  temperature  with  respect  to  both  time  and  distance  can 
cause  variations  in  the  refractive  index  of  many  parts  per  million. 

This  also  is  born  out  by  the  data  obtained  in  September.  For  example, 
on  the  15th  the  highest  temperature  recorded  during  the  five  hour 
experiment  period  was  19-  08°  and  the  lowest  was  9-  57 °C.  This 
produces  a  variation  in  refractive  index  of  approximately  nine  parts 
per  million.  Also,  for  any  given  pass  down  the  baseline,  the  differences 
in  the  temperature  observations  were  often  of  such  a  magnitude  as  to 
produce  a  variation  in  the  refractive  index  of  three  parts  per  million. 

It  therefore  becomes  apparent  that  the  temperature  must  be  sampled 
at  numerous  points  along  the  ray  path  if  a  highly  accurate  value  for 
the  average  refractive  index  is  to  be  obtained. 

During  the  course  of  the  experiment  described  here,  thermo¬ 
meters  were  located  every  25  meters  along  the  line  for  a  total  of  21 
samples  in  500  meters.  At  the  instant  of  each  distance  measurement 
the  refractive  index  was  calculated  for  each  thermometer  location 
and  then  an  average  value  obtained  as  described  earlier  in  this  section. 

To  determine  the  effect  fewer  temperature  samples  would  have  had 
on  the  computed  average  index,  one  merely  needs  to  use  only  part 
of  the  recorded  data.  This  sort  of  investigation  was  anticipated  when 
the  computer  program  was  written  and  it  is  possible  for  the  computer 
operator  to  select  any  desired  combination  of  temperature  samples 
in  determining  the  average  index.  The  results  of  using  all  twenty  one 
temperature  samples  have  already  been  presented  in  Tables  7-10,  7-11,  and 
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7-12.  For  each  value  included  in  these  tables,  the  corresponding 
average  index  was  also  calculated  using  only  11,  6,  5,  3,  2,  and  1 
temperature  samples.  The  particular  thermometer  locations  which 
were  used  for  each  combination  are  given  below: 


TABLE  7-15 


Number  of  Thermometers  Used 
11 
6 
5 
3 
2 
1 
1 


Locations  which  were  used 
l,  3,  5,  7,  9,  11,  13,  15,  17,  19,  21 
1,  5,  9, 13,  17,  21 
1,  6, 11, 16,  21 
1,  11,  21 
1,  21 
1 

21 


It  will  be  noticed  that  in  each  case  the  thermometers  were 
equally  spaced.  The  use  of  unequally  spaced  samples  was  considered 
but  examination  of  the  recorded  data  indicated  that  there  seemed  to  be 
no  advantage  in  such  a  procedure. 

Although  the  Geodolite  data  obtained  on  September  13  was  not 
useful,  the  atmospheric  data  obtained  that  evening  was  useful  and 
therefore  we  have  significant  refractive  index  information  for  three 
different  experiment  periods.  The  data  taken  on  September  12  was 
not  used  because  of  its  limited  quantity. 

In  analyzing  the  results  of  using  fewer  than  21  thermometers, 
it  was  assumed  that  the  average  refractive  index  values  calculated 
using  all  21  were  accurate.  The  values  obtained  using  fewer  samples 
were  therefore  subtracted  from  the  accurate  values  to  determine  the 
error  which  had  resulted.  This  was  done  for  each  thermometer  combi¬ 
nation  and  each  experiment  period.  The  results  of  these  subtractions 
are  presented  in  Tables  7-16,  7-17,  7-18  and  the  histograms  of  Figures 
7-10,  7-11  and  7-12.  It  will  be  noticed  that  no  histograms  are  presented 
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Time 

1 1  thermo¬ 

6  thermo- 

TABLE  7-  16 

Refractive  Index  Error  Data  for  September  13 
5  thermo-  3  thermo-  2  thermo- 

Thermo¬ 
meter  at 

Thermo¬ 
meter  at 

meter* 

^eter. 

meter* 

meter* 

meter* 

poaition  #  1 

poaition  #21 

2:06 

3 

-  1 

18 

-  4 

-30 

9 

-50 

2:11 

4 

1 

18 

-  6 

-29 

-20 

-62 

2:14 

4 

2 

19 

-  5 

-26 

-25 

-67 

2:17 

3 

2 

15 

-  8 

-30 

-36 

-51 

2:21 

1 

5 

14 

-  9 

-38 

44 

-32 

2:25 

6 

8 

-  19 

-77 

-50 

•  42 

2:27 

-  1 

4 

7 

-27 

-95 

-54 

-48 

2:30 

-  1 

4 

9 

-26 

-99 

-74 

-39 

2:33 

-  1 

4 

1  1 

-24 

-101 

-92 

-44 

2:39 

-  2 

4 

12 

-12 

-95 

-118 

-43 

2:45 

-  3 

-  3 

19 

13 

-55 

-110 

-13 

2:51 

-  2 

-  1 

3 

-11 

-73 

-128 

-44 

2:58 

-  2 

-  4 

5 

-23 

-74 

-  122 

-63 

3:06 

-  4 

-  9 

-  1 

-31 

-69 

-109 

-55 

3:09 

-  4 

-11 

-  3 

-30 

-57 

-69 

-41 

3:14 

-  4 

-  8 

-  3 

-16 

-48 

-57 

-26 

3:17 

-  5 

-  5 

-  2 

-16 

-54 

-61 

-27 

3:21 

-  4 

-  4 

-  7 

-19 

-57 

-69 

-33 

3:27 

-  4 

4 

-10 

-30 

-72 

-91 

-52 

3:29 

-  5 

4 

-  8 

-29 

-78 

-99 

-60 

3:35 

-  3 

1 

5 

-16 

-88 

-113 

-94 

3:37 

0 

-  1 

10 

-12 

-87 

-109 

-105 

3:41 

5 

3 

14 

-  9 

-78 

-95 

-119 

3:45 

8 

10 

18 

-  7 

-74 

-80 

-95 

3:52 

8 

17 

21 

-  6 

-71 

-58 

-58 

3:55 

5 

20 

19 

- 10 

-70 

-49 

-51 

3:57 

3 

21 

18 

-10 

-64 

-37 

-53 

4:01 

1 

17 

14 

-  3 

-46 

-  8 

-55 

4:04 

3 

7 

18 

16 

-  9 

14 

-32 

4:07 

4 

-  1 

24 

33 

32 

27 

-  5 

4;13 

4 

-  4 

50 

63 

86 

88 

22 

4;16 

2 

-  6 

61 

66 

82 

102 

9 

4;  1  9 

4 

.  -  6 

48 

71 

88 

126 

17 

4;23 

-  1 

-  6 

47 

38 

88 

151 

21 

4:26 

1 

-  3 

50 

25 

82 

153 

15 

4;30 

4 

5 

44 

1  1 

78 

151 

6 

4;34 

2 

1 

32 

10 

87 

160 

11 

4;37 

-  3 

-  7 

26 

1  1 

95 

164 

15 

4:40 

-  7 

-10 

24 

9 

99 

165 

15 

4:44 

-12 

-15 

21 

8 

112 

184 

23 

4:48 

-15 

-18 

19 

7 

122 

200 

50 

4:57 

1 

-  9 

38 

37 

113 

199 

45 

5:00 

2 

-  7 

43 

59 

1  18 

187 

-  6 

5:04 

-  3 

2 

46 

77 

148 

194 

-  7 

5:07 

-  7 

5 

55 

79 

183 

213 

17 

5:15 

-  8 

0 

55 

38 

159 

2  37 

138 

5:19 

-  7 

-  5 

39 

13 

115 

245 

-74 

5:23 

-  7 

-11 

25 

-  5 

94 

252 

-87 

5:26 

-  5 

-11 

16 

-  12 

84 

257 

-90 

5:30 

-  3 

-  8 

5 

-27 

71 

263 

-92 

5:35 

-  4 

-  4 

-  1 

-18 

87 

270 

-60 

5:39 

-  3 

-  3 

-  1 

-  3 

105 

275 

-28 

151 


TABLE  7-  17 

Refractive  Index  Error  Data  for  September  14 

Thermo-  Thermo- 


Time 

1 1  thermo¬ 
meters 

6  thermo¬ 
meters 

5  thermo 
meters 

1:11 

-20 

-12 

22 

1:13 

-18 

-15 

19 

1:17 

-12 

-13 

23 

1:20 

-  7 

-11 

23 

1:24 

-  2 

-  7 

19 

1:27 

0 

-  6 

14 

1:33 

-  4 

-  2 

19 

1:37 

-  3 

2 

32 

1:40 

2 

8 

43 

1:42 

4 

7 

46 

1:45 

0 

2 

50 

1:48 

-  7 

-  6 

42 

1:51 

-  9 

0 

34 

1:55 

-  8 

17 

25 

2:04 

-  4 

1 1 

27 

2:07 

-  4 

1 

29 

2:10 

-  7 

-10 

34 

2:14 

-  9 

-16 

37 

2:18 

-12 

-10 

41 

2:22 

-  5 

14 

47 

2:25 

-  I 

29 

48 

2:28 

5 

34 

44 

2:31 

9 

28 

38 

2:35 

6 

14 

28 

2:46 

6 

4 

-12 

2:50 

11 

13 

-21 

2:53 

12 

18 

-15 

2:56 

10 

16 

-  9 

3:10 

■  -  2 

2 

30 

3:13 

-  4 

-  6 

36 

3:16 

-  5 

-14 

42 

3:20 

-  2 

-15 

38 

3:24 

2 

-16 

37 

3:28 

1 

-16 

49 

3:32 

-  1 

-12 

61 

3:36 

1 

-  5 

62 

3:41 

4 

3 

58 

3:45 

8 

14 

48 

3:49 

8 

20 

39 

3:52 

6 

22 

32 

3:56 

3 

16 

33 

3:59 

3 

10 

33 

4:09 

-  6 

-10 

45 

4:14 

-19 

-32 

34 

4:18 

-17 

-24 

16 

4:22 

-10 

-11 

3 

4:26 

-  8 

-  7 

-  3 

4:30 

-  7 

-14 

1 1 

4:35 

-  6 

-17 

40 

4:41 

-  7 

-13 

44 

4:44 

-  9 

-13 

33 

4:51 

-  4 

-  2 

8 

4:55 

-  3 

0 

6 

5;19 

-13 

-11 

17 

5:23 

-12 

-  8 

17 

5:26 

-12 

-  8 

1  3 

5:30 

-  7 

-  4 

6 

5:34 

-  2 

-  4 

1 

5:37 

0 

0 

0 

5:44 

-  7 

5 

13 

5:48 

-  8 

-  1 

25 

3  thermo¬ 

2  thermo¬ 

meter  at 

meter  at 

meters 

meters 

position  #  1 

position  #2  1 

15 

22 

88 

-56 

13 

24 

84 

-.60 

19 

34 

96 

-52 

24 

40 

106 

-49 

24 

47 

120 

-45 

20 

50 

127 

-49 

8 

50 

136 

-80 

23 

58 

149 

-75 

41 

68 

169 

-30 

47 

64 

179 

-10 

46 

47 

184 

-30 

41 

42 

173 

-38 

30 

52 

157 

-31 

13 

62 

135 

-  3 

12 

28 

108 

0 

22 

28 

100 

9 

34 

30 

93 

18 

38 

36 

87 

30 

36 

41 

81 

23 

28 

48 

73 

18 

19 

50 

62 

7 

4 

45 

53 

-11 

-17 

44 

65 

-28 

-37 

54 

91 

-43 

-43 

-81 

0 

-74 

-34 

-91 

12 

-87 

-22 

-81 

-  2 

-79 

-13 

-66 

-10 

-67 

4 

39 

51 

-25 

3 

44 

72 

-36 

1 

46 

87 

-26 

-  9 

42 

100 

-  5 

-  9 

33 

109 

6 

-  6 

36 

111 

27 

-  3 

51 

107 

61 

0 

66 

103 

94 

-  4 

67 

86 

108 

-  9 

67 

71 

118 

-  2 

61 

52 

105 

16 

61 

40 

95 

22 

68 

14 

89 

26 

54 

10 

66 

42 

39 

27 

48 

51 

87 

67 

69 

40 

127 

106 

105 

29 

134 

133 

108 

25 

121 

140 

87 

28 

116 

139 

79 

50 

118 

147 

87 

28 

97 

132 

89 

9 

55 

93 

63 

-  5 

-49 

-3b 

-68 

-20 

-50 

-58 

-99 

58 

-50 

61 

-188 

58 

-53 

59 

-204 

49 

-61 

54 

-184 

37 

-75 

50 

-137 

25 

-92 

52 

-126 

13 

-98 

42 

-138 

36 

-55 

-11 

-108 

46 

-67 

-28 

-94 

152 


TABLE  7-  18 

Refractive  Index  Error  Data  for  September  15 


& 


Time 

1  1  thermo¬ 
meters 

6  thermo¬ 
meters 

5  thermo¬ 
meters 

0:48 

-  7 

1 

25 

0:51 

-  6 

0 

24 

0:55 

-  4 

2 

23 

1:03 

1 

14 

11 

1 :0fc 

2 

15 

18 

1:09 

1 

1  1 

29 

1:12 

1 

7 

30 

1:17 

-  5 

-  1 

18 

1:20 

-  5 

-  3 

12 

1:24 

-  6 

-  5 

2 

1:28 

-  4 

-  4 

-  4 

1:31 

-  2 

1 

-  10 

1:35 

2 

10 

-  11 

1:39 

3 

15 

-  3 

1:42 

3 

1  1 

5 

1 :45 

3 

6 

6 

1:48 

6 

3 

1 

1:52 

5 

3 

9 

1:56 

2 

1 

15 

2:00 

0 

0 

21 

2:06 

0 

1 

4 

2:10 

0 

-  2 

-  9 

2:13 

-  1 

-  2 

-  17 

2:J6 

-  1 

-  2 

-  18 

2:19 

0 

-  1 

-  15 

2:23 

1 

-  1 

-  5 

2:26 

2 

-  2 

1 

2:29 

3 

-  2 

5 

2:32 

5 

0 

0 

2:35 

2 

-  5 

-  5 

2:39 

-  1 

-  8 

-  4 

2:42 

-  2 

-  9 

-  1 

2:46 

-  2 

-  8 

-  1 

2:49 

-  1 

-  5 

-  2 

3:06 

-  5 

3 

-  4 

3:09 

-  4 

4 

3 

3:12 

-  3 

4 

11 

3;23 

6 

20 

0 

3:27 

6 

17 

-  3 

3:43 

3 

8 

-  9 

3:47 

2 

8 

-  1  1 

3:51 

1 

5 

-  5 

3:55 

0 

1 

9 

4:01 

-  4 

9 

33 

4:04 

-  4 

14 

35 

4:08 

-  2 

17 

29 

4 ;  1 2 

-  1 

21 

24 

4:16 

-  2 

26 

18 

4:19 

0 

27 

1  1 

4:23 

-  2 

24 

1 

4;32 

-  3 

0 

-  7 

4:35 

-  1 

-  2 

0 

4;  38 

5 

7 

9 

4:43 

9 

5 

23 

4:46 

7 

-  5 

31 

4;49 

2 

-  10 

33 

4;53 

1 

-  7 

35 

4-57 

2 

-  7 

33 

5;08 

1 

0 

43 

5;11 

2 

3 

49 

5:15 

2 

7 

57 

5:23 

-  5 

12 

56 

5;2b 

-  10 

-  3 

50 

5:30 

-  12 

-  1  1 

35 
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-11 

-  2 

34 
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2  thermo¬ 

meter  at 
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Figure  7-10  Histograms  of  September  13  Refractive  Index  Errors 
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Figure  7-11  Histograms  of  September  14  Refractive  Index  Errors 
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for  a  single  thermometer  at  positions  1  or  21.  Instead,  the  errors 
for  these  situations  are  plotted  as  a  function  of  time  in  Figures  7-13, 
7-14,  and  7-15. 

It  also  was  deemed  desirable  to  obtain  a  numerical  measure 
of  the  sort  of  error  that  had  resulted  from  increasing  the  spacing 
of  the  temperature  samples.  Therefore,  the  average  and  standard 
deviation  of  each  error  distribution  was  computed.  The  results 
are  presented  in  Table  7-19* 


TABLE  7-19 

Average  and  Standard  Deviation  of  the  Errors  in  Refractive  Index 


11  Thermometers  Avg. 

O' 


6  Thermometers  Avg. 

O' 


5  Thermometers  Avg. 

(T 


3  Thermometers  Avg. 


2  Thermometers  Avg. 

O' 


Sept.  13 _ Sept.  14 _ Sept.  15 

-1.1  x  10~q  -3.3x10*5  -0.4x10'! 

4.7  x  10'°  7.  3  x  10"°  4.  1  x  10'* 


-0.6x10®  —1.0x10  q  3.6x10 
8.  1  x  10  13.6  x  10  8.8  x  10 


19.8  x  10'®  27.  1  x  10'®  12.  0  x  10 
18.  3x10  18.7  x  10"°  18.6  x  10 


3.9x10'®  16.7x10"®  3.7x10"® 

29.5  x  10  23.6  x  10"°  25.1x10 


9.3x10"®  28.3x10'®  -30.1x10 

86.2  x  10  58.8  x  10  68.4  x  10 


Single  Thermometer  at 
Position  #1  Avg.  44.  1  x  10  „ 

0  135.  3  x  10’g 

Maximum  Positive  Error  275  x  10"R 
Maximum  Negative  Error  128  x  10" 


80.  3x10 
54.  6x10 
184  x  10 
58  x  10 


-  36. 6x10 
74.  6  x  10 
154  x  10 
148  x  10 


Single  Thermometer  at 
Position  #21  Avg. 

(T 

Maximum  Positive  Error 
Maximum  Negative  Error 


-34.  1  x  10 
39. 6  x  10 
50  x  10 
119  x  10 


-13.  5  x  10 
79.  6x10 

118  x  10 
204  x  10 


-27.  6  x  10 
70.  2x10 
147  x  10 
151  x  10 
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TIME  IN  HOURS 


G - O—O  THERMOMETER  IN  POSITION  I 

0—0—0  THERMOMETER  IN  POSITION  21 

Figure  7-13  Errors  in  Average  Refractive  Index  as  a  Function  of  Time 
for  September  13  Data 
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TIME  IN  HOURS 


o - G - O  THERMOMETER  IN  POSITION  I 

O—O—O  THERMOMETER  IN  POSITION  21 

Figure  7-14  Errors  in  Average  Refractive  Index  as  a  Function  of  Time 
for  September  14  Data 
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ERROR  IN  REFRACTIVE  INDEX  IN  PARTS  IN  10 


TIME  IN  HOURS 

f 

0—0—0  THERMOMETER  IN  POSITION  I 
0—0 - ©  THERMOMETER  IN  POSITION  21 


Figure  7-15  Errors  in  Average  Refractive  Index  as  a  Function  of  Time 
for  September  15  Data 
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On  the  basis  of  the  data  provided  by  these  tables  and  histo¬ 
grams  a  number  of  conclusions  can  be  reached.  First,  it  is  clearly 
evident  that  the  fewer  the  thermometers,  the  larger  the  error  in 
the  calculated  average  refractive  index  along  the  baseline.  The  use 
of  11  thermometers  produced  an  error  which  was  always  less  than 

g 

20  parts  in  10  .  The  use  of  6  thermometers  produced  errors  of 

g 

less  than  40  parts  in  10  .  The  use  of  only  three  thermometers  pro- 

g 

duced  errors  which  were  never  greater  than  80  parts  in  10  (0.8 

parts  in  10  ).  These  are  the  worst  case  values,  and  the  histograms 
show  that  most  of  the  values  calculated  using  the  respective  ther¬ 
mometer  combinations  were  considerably  less  in  error. 

If  the  increase  in  error  with  respect  to  decrease  in  the 
number  of  temperature  samples  is  extrapolated  in  the  reverse  direction 
it  is  found  that  the  use  of  21  thermometers  should  produce  a  value 
of  average  refractive  index  along  the  line  which  is  never  in  error, 

g 

relative  to  the  true  value,  by  as  much  as  10  parts  in  10  .  For  a 
series  of  measurements  taken  over  a  relatively  long  period  of 
time  and  favorable  atmospheric  conditions,  the  average  error  is 

g 

probably  less  than  two  or  three  parts  in  10  .  Therefore,  the  con¬ 
tribution  to  the  error  in  a  distance  measurement,  resulting  from 
an  error  in  the  determination  of  the  average  refractive  index  along 
the  ray  path,  can  be  made  relatively  small  if  enough  temperature 
samples  are  taken. 

It  an  average  refractive  index  accuracy  of  one  part  in  10^  had 
been  required,  then  thermometers  located  only  at  positions  1,  11  and 

21  would  have  been  sufficient.  If  only  two  thermometers  had  been 
used,  at  position  #1  and  #  21,  the  maximum  error  would  have  been 
1.83  parts  in  10^  and  a  significant  number  of  cases  would  have  been 
in  error  by  more  than  one  part  in  10  . 

When  a  single  thermometer  at  one  end  of  the  baseline  is  used, 
the  accuracy  is  degraded  even  further.  The  errors  for  several  such 
cases  are  plotted  in  Figures  7-13,  7-14,  and  7-15.  The  maximum 
error  in  average  refractive  index  for  these  cases  was  2.  76  parts  in 
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10  .  The  plots  show  that  not  only  is  the  error  relatively  large 

much  of  the  time,  but  that  it  remains  a  monotonic  function  for 

rather  long  periods.  This  characteristic  also  occurs  when  more 

thermometers  are  used  as  shown  in  Figure  7-16  where  the  errors 

for  the  three  and  the  five  thermometer  combinations  are  plotted.  The 

plots  indicate  that  the  magnitudes  of  the  errors  in  these  cases  are 

smaller  than  the  corresponding  single  thermometer  situations,  but 

that  they  vary  with  respect  to  time  in  much  the  same  way.  These 

results  indicate  that  although  the  average  error  for  a  large  number 

of  calculations  may  be  relatively  small,  one  cannot  be  sure  that  a 

few  calculations  made  over  a  short  period  will  not  have  a  relatively 

large  error.  For  example,  consider  the  case  of  a  single  thermometer 

at  position  #  21  on  September  14.  The  average  error  for  the  entire 

experiment  period  was  13.  5  parts  in  10^,  and  yet  if  measurements  were 

made  during  the  one  hour  period  from  12:50  to  1:50  AM  (4:  50  to  5:50 

on  Figure  7-14)  the  average  error  in  the  calculated  average  refracted 

8 

index  would  have  been  approximately  130  parts  in  10  or  ten  times 
as  great.  It  is  therefore  concluded  that  a  trade-off  can  be  made 
between  the  number  of  temperature  samples  made  along  a  ray  path 
and  the  length  of  the  time  interval  over  which  it  is  repeatedly 
measured.  If  many  temperature  samples  are  taken,  then  a  relatively 
few  length  measurements  made  over  a  relatively  short  period  of 
time  may  be  sufficient.  If  fewer  temperature  observations  are 
made,  more  length  measurements  should  be  made  over  a  longer 
period  of  time. 

The  errors  plotted  in  Figures  7-13,  7-14,  and  7-15  can  be 
related  to  the  temperature  data  presented  in  Tables  7-6,  7-7  and 
7-8  when  it  is  recognized  that  the  refractive  index  and  temperature 
at  a  point  are  related  in  a  reciprocal  way.  When  the  corresponding 
data  of  September  15  is  compared,  it  is  found  that  at  the  beginning 
of  the  evening,  the  temperature  at  thermometer  #  1  was  considerably 
above  the  average  along  the  line  while  that  at  position  #  21  was 
considerably  below  the  average.  At  the  end  of  the  experiment  period, 
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TIME  IN  HOURS 

*— • - •  FIVE  THERMOMETERS 

•  •  •  THREE  THERMOMETERS 

Figure  7-16  Errors  in  Average  Refractive  Index  as  a  function  of  Time 
for  Three  and  Five  Thermometer  Combinations- - 
September  15,  1967 
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the  temperature  at  both  locations  was  significantly  below  the 

average  for  the  line.  This  is  reflected  inthe  plots  of  Figure  7-15 

where  at  the  beginning  of  the  experiment  period,  the  error  in 

refractive  index,  calculated  using  only  the  #1  position  temperature 

8 

data,  is  -72  parts  in  10  while  that  obtained  using  only  the  #21 

8 

position  data  is  +47  parts  in  10  .  At  the  end  of  the  experiment 

8 

period  the  error  is  approximately  +145  parts  in  10  for  both  ther¬ 
mometer  positions. 

The  results  for  all  three  nights  indicate  that  relatively 
small  masses  of  air  were  moving  along  the  line  in  such  a  way  that 
relatively  large  temperature  differences  existed  simultaneously  at 
the  various  thermometers.  When  a  warm  mass  of  air  was  in  the 
vicinity  of  a  given  thermometer,  the  refractive  index  at  this  point 
was  significantly  below  the  average  for  the  entire  ray  path.  When 
a  cool  air  mass  was  around  the  thermometer,  just  the  opposite 
occurred. 

If  an  average  refractive  index  error  lessthan  one  part  in  10^*  is 

required  in  all  cases  then  at  least  three  thermometers  are  required. 
7 

If  one  part  in  10  is  desired  then  one  should  use  six  thermometers 
and  take  many  measurements  over  a  relatively  long  period  of  time 
or  use  eleven  thermometers  and  take  the  average  of  several 
measurements.  Of  course,  these  errors  are  relative  to  the  index 
values  obtained  using  21  temperature  samples.  It  was  pointed  out 
above  that  the  21  sample  case  is  probably  in  error  by  two  or  three 

g 

parts  in  10  . 

The  data  presented  here  applies  to  the  500  meter  Mansfield 
baseline  for  the  evenings  of  September  13-15,  1967,  and  no  com¬ 
pletely  general  conclusions  can  be  drawn  on  the  basis  of  such  a 
small  amount  of  information.  It  does  seem  reasonable,  however, 
that  many  of  the  conclusions  would  apply  to  other  baselines,  which 
are  in  reasonably  homogeneous  environments,  when  the  weather 
conditions  are  not  too  unfavorable  for  the  making  of  electromagnetic 
distance  measurements.  The  results  certainly  shed  some  doubt  on 
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the  claims  of  some  electromagnetic  distance  measuring  equipment 
manufacturers,  that  their  devices  are  accurate  to  one  part  in  10^ 
when  only  one  temperature  measurement  is  made  along  the  ray  path. 

When  baselines  longer  than  500  meters  are  considered,  it 
seems  that  more  thermometers  would  be  required  to  maintain  a 
given  level  of  accuracy.  This  author  does  not  think,  however,  that 
the  number  of  thermometers  required  is  a  linear  function  of  base¬ 
line  length.  It  is  likely  that  a  smaller  number  than  that  indicated 
by  a  linear  extrapolation  will  provide  a  given  desired  level  of 
accuracy. 
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1.  INTRODUCTION 


a.  Location  of  Area 


This  appendix  describes  geologic  and  environmental  conditions 
that  bear  on  the  suitability  of  a  site  near  Chase  Lake  in  the  Black 
River  Valley,  36  miles  north  of  Rome,  for  development  of  a  Range  and 
Angle  Calibration  Facility  satisfying  basic  requirements  presented  in 
RADC  purchase  request  number  A-6-1621  dated  25  October  1965. 

The  Chase  Lake  Site  (Figure  A-l)  is  located  in  the  towns  of 
Greig  and  Watson,  in  Lewis  County,  at  43“  45*  N,  75°  17'  W  approxi¬ 
mately  10  miles  east- southeast  of  Lowville.  The  southwestern  edge 
of  the  area  under  specific  consideration  is  4  miles  east- northeast  of 
Glenfield  and  a  similar  distance  northeast  of  Greig. 

b.  Site  Evaluation  Criteria 

As  listed  in  the  body  of  this  report,  site  evaluation  criteria 
employed  in  the  present  study  are  as  follows: 

Site  Requirements 

(1)  Location  within  50  miles  of  Rome. 

(2)  The  baseline  must  be  capable  of  expansion  to  2.  5  miles 
in  length  if  it  is  not  constructed  this  long  initially. 

(3)  The  terrain  must  be  flat  or  capable  of  being  graded  to 

a  flat  condition.  It  does  not  necessarily  have  to  be  level 
and  a  small  slope  can  be  tolerated. 

(4)  The  area  surrounding  the  baseline  should  be  homogeneous; 
forested  if  possible. 

(5)  The  surface  layer  of  the  soil  and  existing  vegetation  should 
be  of  such  a  character,  that  large  daily  changes  in  surface 
temperature  do  not  take  place. 

(6)  The  area  must  be  remote  from  sources  of  vibration, 
extreme  electromagnetic  interference,  fog  and  industrial 
air  polution. 
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(7)  The  ground  must  be  geologically  stable,  preferably  con¬ 
sisting  of  gravel  or  coarse  grain  sand  to  a  depth  of  20 
or  30  meters.  The  area  must  be  well-drained  with  the 
local  water  table  well  below  the  surface. 

(8)  The  line  should  run  in  the  direction  of  the  prevailing 
winds. 

c.  Background 

Initial  efforts  toward  location  of  one  or  more  sites  suitable 
for  establishment  of  a  Range  and  Angle  Calibration  Facility  were 
localized  in  close  proximity  to  Rome.  Potential  sites  were  sought  on 
the  Rome  Sand  Plain,  along  the  right  of  way  of  the  abandoned  New  York, 
Ontario  and  Western  Railroad,  and  near  Camden.  Particular  attention 
was  directed  to  an  area  directly  northwest  of  the  RADC  Camden  Test 
Annex.  When  all  sites  near  Rome  proved  unsuitable  for  one  reason  or 
another,  the  radius  of  search  was  extended  and  attention  was  directed 
to  the  "sand  plains"  bordering  the  Black  River  Valley  on  the  east. 

Two  sites  on  the  Black  River  "sand  plains"  were  singled  out 
for  further  study  following  mid-winter  reconnaissance  visits  by  Dr. 
Richardson  and  Mr.  Robert  Cracknell  of  RADC.  Because  of  its  proxi¬ 
mity  to  the  Forestport  Loran  Tower,  a  site  in  the  towns  of  Forestport 
and  Ohio  (North  Wilniurt  7-1/2'  topographic  map,  U.S.G.S.  1:24,  000 
series)  was  given  careful  attention  during  the  course  of  several  sub¬ 
sequent  visits.  Topographically,  the  Forestport  site  was  deemed  less 
suitable  than  a  second  site,  the  Chase  Lake  site,  farther  north  on  the 
"sand  plains.  " 

In  terms  of  all  criteria  except  proximity  to  Rome  and  lack  of 
homogeneous  forest  cover,  the  Chase  Lake  site  is  considered  the  most 
suitable  location  evaluated  in  the  present  studies. 
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d.  Sources  of  Information 


Following  the  preliminary  midwinter  reconnaissance,  the 
Chase  Lake  Site  was  revisited  on  6  June  1967  by  Richardson,  Cracknell 
and  the  writer.  It  was  subsequently  examined  on  several  occasions 
by  Richardson  and  the  writer  independently. 


Certain  aspects  of  the  geology  of  the  Chase  Lake  area  are 
discussed  in  the  following  published  works: 

Broughton,  John  G. ,  et  al. ,  1961,  Geological 
Map  of  New  York.  Map  and  Chart  Series 
No.  5,  New  York  State  Museum  and  Science 
Service,  Albany. 

Buddington,  A.  F.  ,  1934,  Geology  and  Mineral 
Resources  of  the  Hammond,  Antwerp  and 
Lowville  Quadrangles.  New  York  State 
Museum  Bull.  296,  251  p. 

Fairchild,  H.  L. ,  1912,  The  Glacial  Waters  in 
the  Black  and  Mohawk  Valleys.  New  York 
State  Museum  Bull.  160,  47  p. 

Hanefeld,  Horst,  i960.  Die  Glaziale  Umgestaltung 
der  Schichtstufenlandschaft  am  Nordrand  der 
Alleghenies.  Schriften  des  Geographischen 
Institute,  Kiel  University,  Kiel,  Germany, 

170  p. 

Miller,  W.J.,  1910,  Geology  of  the  Port  Leyden 
Quadrangle,  Lewis  County,  New  York.  New 
York  State  Museum  Bull.  135,  61  p. 

Taylor,  F.  B. ,  1924,  Moraines  of  the  St.  Lawrence 
Valley;  Jour.  Geol.  32  :641-667. 


The  Chase  Lake  Site  is  in  the  southeastern  corner  of  the 
Lowville  quadrangle  and  the  northeastern  corner  of  the  Port  Leyden 
quadrangle  of  the  U.S.  Geological  Survey  1  :62,  500  topographic  map 
series.  Because  these  sheets  date  from  surveys  of  1910- 1911  and 
1904-1905,  respectively,  the  culture  is  partly  outdated  and  the  maps 
are  less  accurate  than  recent  maps  based  on  air  photography.  The 


area  has  not  yet  been  covered  by  the  current  U.  S.  Geological  Survey 
1  :  24,  000  map  series. 

2.  GEOLOGY 


a.  Physiographic  Relationships 

The  Chase  Lake  Site  is  located  on  the  eastern  margin  of  the 
Black  River  Valley  bordering  the  low  western  foot-hills  of  the  Adiron¬ 
dack  Mountains.  Beneath  a  cover  of  Pleistocene  sediments,  Adiron¬ 
dack  Mountain  structures  and  metamorphic  rocks  pass  beneath 
Paleozoic  strata  exposed  in  the  Black  River  Valley  about  4  miles  west 
of  the  site.  Topographically,  the  area  maybe  considered  part  of  the 
Black  River  Valley,  but  in  terms  of  the  underlying  rock  structure  it 
is  more  closely  related  to  the  adjacent  Adirondack  Province. 

The  Black  River  occupies  a  structurally- controlled,  glacially 
scoured  trough  along  the  western  margin  of  the  Adirondacks.  Paleo¬ 
zoic  sedimentary  strata,  deposited  under  marine  conditions  were 
subsequently  domed  as  a  result  of  Adirondack  mountain-building. 
Subsequent  denudation  stripped  sedimentary  cover  from  most  of  the 
Adirondack  dome,  leaving  the  strata  truncated  in  a  peripheral  ring 
dipping  gently  away  from  the  center  of  the  uplift.  The  oldest  and 
lowermost  beds  are  exposed  against  the  metamorphic  and  igneous 
rocks  that  comprise  the  Adirondack  massif,  whereas  younger  strata 
crop  out  at  greater  distance  from  the  crystalline  rocks  of  the  Adiron¬ 
dacks. 


Because  the  lowest  exposed  strata  in  the  Palezoic  sequence 
flanking  the  Adirondacks  are  relatively  non-resistant  carbonate 
rocks,  they  have  been  deeply  eroded  first  by  running  water  and  sub¬ 
sequently  by  glaciation.  It  is  through  this  trough  between  the  crystal¬ 
line  rocks  of  the  Adirondacks  and  the  elastic  sediments  capping  the 
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Tug  Hill  that  the  Black  River  flows  northward  before  curving  westward 
to  Lake  Ontario.  In  the  latitude  of  Lowville,  only  crystalline  rocks 
are  exposed  on  the  east  side  of  the  Black  River  Valley. 

b.  Precambrian  Geology 

Precambrian  crystalline  rocks  are  only  locally  exposed  on 
knobs,  eroded  slopes  and  in  stream  courses,  but  are  also  continuously 
presented  beneath  the  cover  of  unconsolidated  sediments  which  com¬ 
prise  Map  Unit  1  (Figure  A-2).  The  crystalline  rocks  comprise  parts 
of  the  Adirondack  massif  that  was  formed  more  than  a  billion  years 
ago  under  high  confining  pressures  and  temperatures  at  considerable 
depth  within  the  crust.  Rocks  that  covered  them  were  subsequently 
removed  by  erosion  before  the  beginning  of  Paleozoic  sedimentation. 

The  most  widespread  rock  type  beneath  the  sedimentary 
cover-is  hornblende-bearing  granitic  gneiss.  This  rock  is  typically 
composed  of  perthitic  feldspar  comprising  60  to  80%  of  the  rock, 
quartz  15  to  30%,  plagioclase  0  to  19%  with  minor  hornblende  (Miller, 
1910).  It  is  uniformly  coarse  textured  and  relatively  uniform  in 
composition.  Where  quartz  is  essentially  lacking  the  rock  is  mapped 
as  syenitic  gneiss.  Where  hornblende  is  the  dominant  mineral  the 
rock  is  mapped  as  amphibolite. 

Garnetiferous  sillimanite  gneiss  that  crops  out  west  of  Chase 
Lake  indicates  the  high  rank  of  metamorphism  to  which  these  rocks 
were  subjected.  These  rocks  (Map  Unit  7)  are  referred  to  as  paragneiss 
to  indicate  the  apparent  sedimentary  nature  of  the  parent  rocks  prior 
to  metamorphism.  Although  the  nature  of  the  parent  rocks  is  less 
conclusive  for  some  of  the  other  map  units,  their  conformability  and 
lack  of  cross-cutting  relationships  suggests  that  most  of  the  rocks  in 
the  Chase  Lake  area  are  metasedimentary  in  origin. 
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KEY  TO  FIGURE  A-2* 


Identification 

Glacial  and  alluvial  deposits  concealing 
underlying  geology.  See  Figure  A- 3. 

Pyroxene-Hornblende  syenitic  gneiss. 

Hornblende  granitic  gneiss. 

Pyroxene-hornblende  granitic  gneiss. 

Leucogranitic  gneiss,  biotitic  and 
hornblende-bearing  in  part. 

Interlayered  amphibolite  and  granitic, 
charnockitic  or  syenitic  gneiss. 

Quartz-feldspar  paragneiss  with  variable 
amounts  of  garnet,  sillimanite,  biotite. 

Amphibolite,  commonly  biotitic 

after  Broughton,  etal.,  1961. 


A5343 


I - 1 

FIVE  MILES 


Figure  A- 2  Geology  of  Chase  Lake  Area 
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I 


The  planes  of  foliation  that  characterize  these  gneissic  rocks 
are  oriented  generally  with  northeasterly  strike  (e.g.  N60E  across 
the  street  from  the  church  in  Greig)  with  steep  angles  of  dip.  Budding- 
ton  infers  the  existence  of  an  anticlinal  axis  trending  northeast  beneath 
the  Chase  Lake  area  on  the  basis  of  measured  foliation  attitudes. 

c.  Bedrock  Topography 

The  contrast  between  gneissic  Adirondack  rocks  and  the 
compacted  but  unmetamorphosed  sedimentary  rocks  that  lie  upon  them 
west  of  the  Black  River  indicates  that  a  great  thickness  of  rocks  must 
have  been  eroded  before  Paleozoic  sedimentation  began.  In  places 
outside  of  the  Chase  Lake  map  area,  the  surface  of  the  crystalline 
rocks  directly  beneath  overlying  sediments  is  deeply  weathered  and 
the  surface  of  contact  possesses  very  low  relief.  This  has  been 
interpreted  as  evidence  that  the  Precambrian  rocks  were  peneplaned, 
or  eroded  essentially  to  base  level  before  being  covered  by  sediments 
deposited  in  Paleozoic  seas. 

Subsequent  denudation  that  initiated  the  Black  River  Valley 
as  a  topographic  feature  stripped  the  Paleozoic  sediments  east  of  the 
river  and  exhumed  the  once-buried  Precambrian  surface.  Subsequent 
stream  dissection  and  glacial  scour  of  projecting  knobs  produced  an 
irregular  surface  on  the  crystalline  rocks  which  was  once  again 
buried  by  sediments  deposited  during  deglaciation.  In  the  absence  of 
seismic  profiles  to  detail  the  buried  bedrock  topography,  an  assumption 
of  regional  westward  slope  with  minor  irregularities  and  relief  of  one 
hundred  feet  or  more  may  be  utilized  for  an  approximation  of  the 
thickness  of  unconsolidated  drift  in  the  Chase  Lake  area. 

d.  Glacial  Geology 

Most  of  the  unconsolidated  drift  and  the  principle  topographic 
features  of  the  Chase  Lake  area  were  produced  about  1Z,  000  years  ago 
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during  melting  of  the  last  ice  sheet,  late  in  the  Port  Huron  substage 
of  Wisconsin  glaciation. 

At  that  time,  glacial  meltwaters  imponded  between  the 
wasting  ice  margin  and  higher  land  of  the  Adirondack  foot-hills  and 
the  Tug  Hill  Plateau  formed  a  pro-glacial  lake  in  the  Black  River 
Valley.  Initially  draining  southward  over  stagnant  debris-covered 
ice  into  the  headwaters  of  West  Canada  Creek  near  Remsen,  this  lake 
was  short-lived  and  limited  in  extent.  Referred  to  as  Forestport 
Lake  (Fairchild,  1912),  this  stage  ceased  to  exist  as  such  when  the 
retreating  ice  margin  exposed  a  lov3r  outlet  southwest  into  the  Lansing 
Kill  near  Booneville. 

The  Lansing  Kill  outlet  controlled  the  level  of  imponded  waters 
in  the  Black  River  Valley  long  enough  for  development  of  extensive 
terrace  deposits  aggraded  approximately  to  the  level  of  the  threshold 
southwest  of  Booneville.  Along  the  east  side  of  the  Black  River  Valley, 
the  receding  ice  margin  in  the  latitude  of  Port  Leyden  and  Lowville 
trended  north- northeast  to  south- southwest.  As  a  result,  a  long  arm 
of  the  so-called  Port  Leyden  Lake  (Fairchild,  1912,  Buddington,  1934) 
spread  northward  between  the  receding  ice  margin  and  the  Adirondack 
foot-hills.  It  was  into  this  lake  that  the  sand  plains  of  which  the  Chase 
Lake  area  is  a  part  were  deposited.  Deposition  appears  to  have  been 
partly  as  a  complex  delta  deposited  primarily  by  streams  draining  the 
ice- free  Adirondack  foot-hills,  and  also  be  streams  flowing  from  the 
surface  of  the  glacier.  The  lack  of  surface  channels  suggests  that 
accumulation  of  the  sand  plain  took  place  not  primarily  by  subaerial 
distribution  of  outwash,  but  rather  by  lacustrine  sedimentation. 

Successive  positions  of  the  receding  ice  margin  are  interpret¬ 
able  from  ill-defined  and  discontinuous  moraine  remnants.  One  such 
moraine,  the  Dicob  moraine  (Buddington,  1934)  accounts  for  the 
abrupt  southward  deflection  of  Independence  River  about  a  mile  west 
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of  Sperryville,  south  to  Donnattsburg  (Figure  A- 3).  In  the  Chase 
Lake  area,  the  moraine  is  largely  covered  by  lacustrine  sand  and  lies 
generally  at  or  below  the  level  of  the  Port  Leyden  lake  terrace. 
Northwest  of  Sperryville,  however,  one  of  its  moraine  ridges  rises 
nearly  100  feet  above  the  sand  plain.  The  till  is  sandy,  poorly  com¬ 
pacted  and  contains  numerous  boulders  of  metamorphic  origin.  Locally 
it  is  marked  by  weak  platy  structure  which  can  be  mistaken  for  true 
bedding.  Coarse-textured  ice  contact  stratified  drift  is  now  widely 
exposed,  being  generally  overlain  by  lacustrine  sand. 

Less  marked  than  the  Dicob  moraine,  but  probably  of  similar 
origin,  is  the  north- south  alignment  of  kettle  depressions  resulting 
from  the  melting  out  of  sediment- covered  stagnant  ice  remnants 
buried  at  the  waning  ice  margin.  Among  kettles  in  this  alignment  is 
the  depression  that  contains  Chase  Lake,  the  several  basins  of  the 
small  Hiawatha  Lakes  directly  south  of  Chase  Lake,  and  others.  The 
deeper  basins  and  those  more  remote  from  the  incised  stream  valleys 
of  Independence  River  and  Little  Otter  Creek  contain  small  lakes 
while  other  kettles  are  dry.  These  basins  are  inset  below  the  level 
of  the  sand  plain  in  a  manner  which  suggests  essentially  complete 
burial  of  the  glacial  ice  blocks  before  they  melted.  Nevertheless,  a 
mixture  of  coarser  washed  drift  and  sandy  gravel  may  be  encountered 
on  the  lower  slopes  of  the  basin  walls. 

Other  kettles  are  scattered  within  the  sand  plain.  Sand  Pond 
and  Hinchings  Pond  occupy  two  such  relatively  isolated  basins  which 
though  shallow  are  sufficiently  far  from  the  nearest  drainage  line 
that  they  contain  water-table  controlled  lakes.  A  large  number  of 
kettle  basins  in  the  area  north  and  east  of  Hinchings  Pond  seem  to 
be  related  to  the  rapid  burial  of  stagnant  ice  which  took  place  where 
Independence  River  debouched  into  Port  Leyden  Lake. 

As  the  ice  margin  melted  away  from  the  north  slope  of  the 
Tug  Hill  Plateau  northwest  of  Lowville,  meltwater  outlets  lower  than 
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KEY  TO  FIGURE  A- 3 


1 

2 

3 

4 


Medium  to  coarse  sand  of  Port  Leyden 
Lake  terrace. 

Coarse  sand  to  gravel  and  sand  of  Port 
Leyden  Lake  terrace. 

Dominantly  glacial  till  and  coarse  strati 
fied  drift. 

Dominantly  Pre cambrian  rock  with 
discontinuous  patches  of  drift 


Vi-U/jJ, 


Dicob  moraine  (ice  marginal  alignment) 


Chase  Lake-Hiawatha  inferred  ice  marginal 
alignment. 


All  contacts  inferred  or  approximate. 

Base  map  enlarged  from  McKeever,  Number  Four, 
Lowville  and  Port  Leyden  sheets,  U.  S.  Geological 
Survey  1:62,500  series. 
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CONTOUR  INTERVAL  20  PEET 
DATUM  IS  MEAN  SEA  LEVEL 


Figure  A  - 3  Chase  Lake  Site 


the  Lansing  Kill  were  uncovered.  The  level  of  imponded  waters  in 
the  Black  River  Valley  dropped  progressively  as  each  successive 
outlet  was  abandoned  in  favor  of  the  next  lower  channel.  The  level  of 
Glenfield  Lake  (Fairchild,  1912),  controlled  by  these  outlets,  lay 
below  the  Chase  Lake  sand  plain.  Instead  of  debouching  at  the  level 
of  the  sand  plain,  Independence  River  and  Little  Otter  Creek  set  about 
downcutting  toward  the  dropping  base  level,  an  incision  which  continues 
at  the  present  time.  Thus  Independence  River  occupies  a  gorge  120 
feet  deep  west  of  Sperryville  and  the  floor  of  Otter  Creek  is  200  feet 
below  the  level  of  the  sand  plain  at  the  southwest  edge  of  the  Chase 
Lake  Site.  Displaced  from  the  valleys  they  occupied  prior  to  the 
last  glaciation,  both  of  these  streams  now  expose  bedrock  in  places, 
thus  affording  evidence  of  the  buried  bedrock  topography  and  facili¬ 
tating  inferences  as  to  thickness  of  unconsolidated  sediment  cover. 

With  disappearance  of  the  continental  ice  sheet,  the  diminished 
load  on  the  earth's  crust  permitted  rebounding  or  regional  upwarping. 
As  a  result,  features  initially  aggraded  toward  a  lake  level  or  other 
datum  plane  were  tilted  from  the  horizontal.  Thus,  the  Port  Leyden 
sand  plain  controlled  by  the  rock  threshold  southwest  of  Booneville  at 
about  1130  feet  above  sea  level  was  warped  upward  about  5  feet  per 
mile  toward  the  north  and  stands  now  about  1280  feet  above  sea  level 
at  the  latitude  of  Chase  Lake. 

3.  CHASE  LAKE  SITE 


a.  Accessibility  and  Development 

The  Chase  Lake  Site  is  36  air  miles  north  of  Rome  and  just 
over  40  miles  by  way  of  West  Leyden,  Constableville,  Lyons  Falls 
and  Greig  (Figure  A-l).  Presently  access  to  the  site  is  by  unpaved, 
single  lane  auto  trail  from  the  Chase  Lake  Road  toward  Sand  Pond,  or 
by  similar  trail  from  the  end  of  Nortonville  Road.  In  places  trails 
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not  shown  on  the  map  lace  the  flat  woodland  of  the  sand  plain  which  in 
dry  months  can  be  traversed  quite  readily  with  or  without  trail. 

The  area  is  almost  completely  undeveloped  and  parts  are 
already  under  state  ownership.  Many  farm  dwellings  shown  on  the 
Lowville  and  Port  Leyden  sheets  at  the  time  of  survey,  50  years  ago, 
no  longer  exist.  On  the  other  hand,  resort  development  has  commenced 
around  some  of  the  larger  and  more  attractive  lakes.  The  area  in  the 
immediate  vicinity  of  the  proposed  alignment  is  essentially  devoid  of 
year  around  habitation  and  with  very  few  summer'cabins.  Single 
cabins  exist  on  Hinchings  Pond,  and  Little  Otter  Lake  and  a  larger 
number  on  Sand  Pond  where  a  boys  club  from  Carthage,  New  York 
operates  Camp  Mohawk  as  a  summer  camp.  Other  clusters  of  resort 
cabins  have  been  built  in  the  vicinity  of  Chase  Lake  and  the  Hiawatha 
Lakes  within  a  mile  of  the  southwest  end  of  the  proposed  alignment. 

b.  Topography 

The  Chase  Lake  Site  is  located  in  essentially  undissected 
remnant  of  the  Port  Leyden  lacustrine  sand  plain  (Figure  A- 3),  bounded 
on  the  southeast  and  south  respectively  by  Little  Otter  and  Otter  Creeks, 
/  on  the  west  by  the  Chase  Lake  kettle  alignment,  on  the  north  by  an 
area  of  kettle- pitted  sand  plain,  and  on  the  east  by  the  Adirondack 
foot-hills  projecting  above  the  plain. 

An  optimal  alignment  for  the  proposed  range  and  angle  cali¬ 
bration  facility,  selected  on  14  September  1967  by  Dr.  Robert  Richard¬ 
son  (SURC)  and  Mr.  Donald  Zulch  (RADC)  trends  N  55  E,  passing 
within  200  yards  of  Sand  Pond.  At  its  southwest  end  the  alignment  is 
at  an  elevation  of  approximately  1270  feet.  For  two  miles  northeast¬ 
ward  the  plain  is  almost  horizontal  along  the  proposed  base  line.  A 
broad,  shallow  depression  less  sharply  defined  than  is  suggested  by 
the  contours  (Figure  A-4)  is  centered  southeast  of  the  base  line  0.4 
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miles  from  its  southwest  end.  A  broad,  open  swale  draining  south 
to  Little  Otter  Creek  heads  within  200  yards  of  the  kettle  occupied 
by  Sand  Pond,  but  is  relatively  shallow  and  narrow  at  the  proposed 
alignment.  Approximately  2  miles  from  the  southwest  end  of  the 
alignment,  the  regional  slope  increases  to  15  to  20  feet  per  mile,  but 
without  marked  irregularity. 

Extension  of  the  proposed  alignment  southwestward  is  pre¬ 
vented  by  gully  dissection  toward  the  Hiawatha- Chase  Lake  kettle 
alignment.  Northeastward  extension  of  the  alignment  beyond  a  length 
of  3.  0  miles  encounters  minor  topographic  irregularity.  For  short 
distance  such  features  can  be  avoided,  as  for  example  the  boggy 
kettle  near  Little  Otter  Lake.  Although  not  previously  mapped,  it 
was  discovered  by  Richardson  during  site  reconnaissance.  In  this 
area,  too,  bedrock  is  at  shallow  depth  and  locally  exposed  (Figure  A-5). 
Should  a  base  line  longer  than  3  miles  become  desirable,  the  most 
favorable  alignment  would  Le  gained  on  an  azimuth  N  48  E  from  a 
point  4000  feet  south- southwest  of  the  optimal  alignment  under  present 
site  criteria. 

c.  Vegetation 

Low  brush  and  second  growth  cover  most  of  the  Chase  Lake 
area,  apparently  taking  over  from  abandoned  farm  and  pastureland. 
Mature  forest  is  completely  lacking.  Patches  of  open  forest  and  park 
land  are  composed  of  scattered  spruce  and  pine  among  dominant  aspen, 
maple  and  other  hardwoods.  Softwood  plantation,  the  cover  type  that 
would  assure  maximum  homogeneity  is  of  very  limited  extent  in  the 
immediate  area. 

The  nature  and  variety  of  cover  at  the  Chase  Lake  Site  would 
facilitate  clearing  and  preparation  of  a  base  line.  The  lack  of  homo¬ 
geneity  is,  however,  a  negative  factor  in  terms  of  possible  optical 
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Figure  A- 5  View  Near  Southeast  End  of  Boggy  Kettle  which  is  Located 
Next  to  Little  Otter  Lake,  Showing  Open  and  Varied 
Vegetation.  Precambrian  Rock,  Exposed  at  this  Point, 
Underlies  the  Sand  Plane  at  Depths  of  as  much  as  One 
Hundred  and  Fifty  Feet 
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variability  due  to  disturbance  and  temperature  difference  within  the 
ground  level  atmosphere. 

d.  Soil  and  Subsoil  Materials 


The  dominant  surface  soil  material  in  the  Chase  Lake  area 
is  medium  to  coarse  sand.  The  grains  are  sub-angular  to  sub-rounded, 
somewhat  loosely  packed  and  lacking  interstitial  colloidal  material  to 
serve  as  binder. 

Although  no  soil  survey  of  Lewis  County  has  been  published, 
the  soils  are  considered  best  assigned  to  the  Adams  series,  ranging 
from  well-drained  to  excessively  drained  brown  podzolic  soils  devel¬ 
oped  on  non- calcareous  deltaic  sands  and  showing  weak  tendency  to 
iron  oxide  accumulation  in  the  subsoil. 

Accordingly  the  soils  afford  little  problem  in  the  way  of 
drainage.  High  infiltration  capabity  limits  runoff.  When  the  site  was 
examined  on  27  March  by  Richardson  and  Cracknell,  no  standing  water 
was  observed  even  though  snow  melt  during  the  preceding  week  had 
been  considerable.  Poor  drainage  is  limited  to  near  water  table 
situations  encountered  in  kettles  which  are  avoided  by  the  proposed 
base  line  alignment.  Because  of  their  texture  and  permeability,  these 
soils  are  not  particularly  subject  to  destructive  frost  action.  Although 
not  close-packed  they  are  stable  under  reasonable  loads.  Extensive 
removal  of  vegetation  cover  might  make  such  a  surface  subject  to 
deflation  or  wind  erosion. 

Coarser  sand  and  gravelly  sand  may  underlie  the  sand  below 
the  soil  zone  and  may  be  encountered  near  some  of  the  deeper  kettle 
depressions.  A  dug  well  at  the  intersection  of  trails  3500  feet  south- 
southeast  of  the  southwest  end  of  the  proposed  base  line  encountered 
only  medium  to  coarse  sand  to  depth  of  16  feet  below  the  surface. 
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Glacial  till  which  crops  out  west  of  the  sand  plain  in  the 
Dicob  moraine  area,  and  probably  discontinuously  lies  between  the 
•and  plain  deposits  and  underlying  solid  rock,  is  itself  sandy  and  less 
tight  and  impermeable  than  most  glacial  till. 

e.  Depth  to  Bedrock 

Without  seismic  survey,  the  depth  to  bedrock  in  the  Chase 
Lake  area  can  only  be  inferred  by  interpolation  of  presumed  topo¬ 
graphy  between  areas  of  present  rock  exposure.  Considerations 
involved  in  such  interpolation  were  discussed  under  "Bedrock  topo¬ 
graphy"  (Section  2c). 

Near  the  western  end  of  the  small  pond  shown  next  to  Little 
Otter  Lake,  rock  crops  out  at  1300  feet  above  sea  level  (Figure  A- 5). 
Rock  exposures  in  the  bed  of  Little  Otter  Creek,  south- southeast  of 
Sand  Pond  are  about  40  feet  below  the  level  of  the  sand  plain.  West¬ 
ward,  bedrock  lies  below  even  the  deepest  kettles  in  the  Chase  Lake- 
Hiawatha  alignment.  At  the  western  edge  of  the  sand  plain  the  general 
level  of  bedrock  exposure  is  near  or  below  1000  feet  above  sea  level. 
Buddington  (1934)  describes  the  sand  plains  along  their  western  edge 
as  composed  of  "sand  up  to  150  feet  in  thickness,  thinning  to  zero  at 
the  eastern  edge  where  they  abut  against  the  mountains.  " 

Accordingly,  it  is  probable  that  the  site  evaluation  criterion 
calling  for  20  to  30  meters  of  cover  over  solid  rock  is  probably 
safely  met  below  most  of  the  base  line.  Northeastward,  however, 
beyond  2.  5  miles  a  concealed  bedrock  knoll  if  such  exists  could  mean 
cover  less  than  the  desired  limit.  As  part  of  a  development  program 
on  this  site,  seismic  survey  is  recommended,  even  though  it  has  not 
been  considered  essential  to  the  initial  site  evaluation. 
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f.  Other  Considerations 


Crustal  recovery  from  unloading  due  to  deglaciation  continues 
to  take  place  in  northeastern  United  States  and  Canada.  In  the  Chase 
Lake  area  recovery  rates  may  be  as  high  as  a  few  tens  of  centimeters 
per  century.  The  effect  is  regional,  however  and  the  component  of 
differential  uplift  within  the  Chase  Lake  area  should  have  negligible 
effect  on  operation  of  the  proposed  facility. 

The  geologic  map  (Figure  A- 2)  shows  a  north- south  trending 
fault  contact  within  5  miles  of  the  Chase  Lake  Site  but  activity  along 
this  fault  is  presumed  to  have  ceased  in  the  geologic  past.  On  the 
other  hand  occasional  seismic  events  centered  in  the  St.  Lawrence 
Lowlands  may  affect  the  Chase  Lake  area.  Nevertheless  this  area 
is  considered  to  be  seismically  relatively  stable. 

The  Chase  Lake  site  is  remote  from  highways,  railroads  and 
population  concentrations.  No  significant  sources  of  noise,  vibration 
or  undue  air  contamination  are  recognized  in  the  vicinity.  Because  of 
location  in  the  snowbelt  in  the  lee  of  Lake  Ontario,  the  Chase  Lake 
Site  experiences  an  average  of  more  than  4  feet  of  snowfall  per  year. 

In  view  of  the  low  level  of  development,  land  acquisition  prob¬ 
lems  should  be  minimal. 


APPENDIX  B 


REFRACTIVE  INDEX  CORRECTIONS  FOR 
ELECTROMAGNETIC  DISTANCE  MEASUREMENTS 

1.  INTRODUCTION: 

All  electromagnetic  distance  measuring  devices  utilize  the 
propagation  of  electromagnetic  waves  and  most  of  them  operate  in 
such  a  way  that  the  propagation  time  is  actually  measured.  This 

o 

time  can  be  determined  with  very  high  accuracy  but  to  convert  the 
result  into  distance  the  propagation  velocity  must  be  known.  It  is 
the  error  in  the  knowledge  of  this  velocity  that  provides  the  princi¬ 
pal  limitation  on  the  accuracy  of  such  equipment.  In  most  cases, 
the  velocity  of  propagation  is  not  constant  but  instead  varies  along 
the  ray  path.  The  relationship  between  distance  and  time,  therefore, 
involves  the  average  velocity  of  propagation  and  may  be  expressed 
as: 

D  =  v  t  (B-l) 

where  D  =  the  distance  being  measured 

v  =  the  average  velocity  of  propagation  with  respect  to  time 
along  the  ray  path 

T  =  the  time  required  for  the  wave  to  travel  the  distance  D 

The  average  velocity  of  propagation  can  be  expressed  as 

-  _  _c _ 

n 

where  c  =  the  velocity  of  propagation  in  a  vacuum 

n  =  the  average  refractive  index  with  respect  to 
distance  along  the  ray  path. 


(B-2) 


b 

At  present,  c  is  known  to  at  least  one  part  in  10  and  there 
are  indications  that  this  may  be  improved  by  an  order  of  magnitude 
in  the  not  too  distant  future.  This  leaves  the  knowledge  of  the 
average  index  of  refraction,  n  ,  as  the  principle  source  of  error  in 
many  distance  measuring  systems. 


In  practice,  there  are  actually  two  refractive  indexes  which 
must  be  considered.  One,  known  as  the  phase  refractive  index,  will 
be  denoted  by  n^.  It  is  the  average  value  of  this  quantity  which  should 
be  used  in  Equation  (B-2)  when  the  wave  contains  only  a  single  fre¬ 
quency  component.  In  most  cases,  however,  the  radiation  will  contain 
components  in  a  narrow  frequency  band  and  the  group  refractive  in¬ 
dex,  n^,  must  be  used.  The  group  refractive  index  is  related  to  the 
phase  value  by  the  equation: 


dn , 


nG  =  “cj,  + 


"  -J 


(B-3) 


_1_ 

X 


where  OF  = 

A  =  the  mean  wavelength  of  the  radiation  in  a  vacuum 


It  should  be  noted  that  if  the  medium  is  not  dispersive,  n, 

9 

'  is  a  constant  independent  of  frequency  and  the  group  and  phase 
indexes  are  equal.  This  occurs  in  the  microwave  frequency  region. 
It  has  been  found  for  air  that  the  magnitudes  of  n,  and  n_ 

<p  Vjt 

depend  principally  upon  the  temperature,  pressure,  water  vapor 
content,  content  and  the  wavelength  of  the  radiation.  The  actual 

change  of  these  indexes  as  a  function  of  the  above  parameters  is 
quite  small  for  normal  environmental  variations.  For  example,  if 
radiation  in  the  visible  region  is  considered,  then  n,  and  n  will  be 

<p  Lr 

in  the  range  from  1.  000250  to  1.  000350  for  all  normal  enviromental 
conditions.  Because  the  variation  is  in  the  fourth  decimal  place, 
it  is  convenient  to  define  a  new  constant,  N,  called  the  refractivity: 
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(B-4) 


N 


(n  -  1)  x  10 
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The  relationship  between  and  N  ,  corresponding  to  Equation 

Lr  <p 

(B-3),  is  therefore: 


N  +  0‘ 
9 


dN 


i. 


d(T 


(B-5) 


Since  in  the  visible  range  N,  decreases  with  wavelength,  the 

9 


above  derivative  is  positive  and  Nq  is  larger  than  N^.  For  the 
ordinary  environmental  conditions  mentioned  above,  and  N^, 
will  be  in  the  range  from  250  and  350. 


2.  Techniques  for  Determining  the  Refractive  Index  of  the 
Atmosphere  in  the  Visible  Range 

In  the  preceding  section,  it  was  pointed  out  that  accurate 
electromagnetic  distance  measurements  require  an  accurate  deter¬ 
mination  of  the  refractive  index  along  the  ray  path,  which  is 
normally  in  the  out-of-doors.  In  many  cases,  one  would  like  to 
determine  the  average  index  with  an  accuracy  of  one  part  in  10  or 
better  in  such  an  enviroment.  For  many  years  people  have  been 
working  on  this  problem  and  numerous  solutions  have  been  presen¬ 
ted.  A  number  of  techniques  for  directly  measuring  the  phase 
index  in  a  small  region  have  been  developed,  but  all  highly  accurate 
systems  require  equipment  which  is  physically  large  and  expensive. 
Such  systems  are  not  well  suited  for  use  along  a  lengthy  ray  path 
in  the  out-of-doors.  A  pair  of  systems  presently  under  development 
by  Dr.  James  Owens  and  Dr.  Moody  Thompson  at  ESSA,  Boulder, 
Colorado,  take  advantage  of  the  dispersion  of  the  atmosphere  to 
make  direct  measurements  of  the  average  refractive  index  along 
a  lengthy  ray  path.  These  systems,  when  perfected,  should  provide 
a  very  convenient  means  for  determinining  n  with  relatively  high 
accuracy.  For  the  time  being  however,  other  techniques  must  be 
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used. 


The  best  results  have  been  obtained  using  indirect  methods 
for  determining  the  index.  That  is,  the  temperature,  pressure 
and  constituents  of  the  atmosphere  are  measured  at  a  number  of 
points  along  the  ray  path  and  then  this  data  is  used  to  calculate 
discrete  values  for  the  refractive  index.  These  values  are  then 
averaged,  using  standard  statistical  methods. 

A  number  of  formulas  have  been  developed  which  express 
the  phase  refractive  index  in  terms  of  the  quantities  upon  which 
it  depends.  In  every  case,  the  expression  is  based  upon  data 
taken  in  the  laboratory,  and  in  some  cases,  an  idealized  model 
was  used.  At  the  present  time,  most  people  prefer  the  experi¬ 
mental  results  reported  by  Barrell  and  Sears (15)  in  1939*  At  the 
same  time,  these  investigators  presented  a  formula  relating  the 
index  to  the  various  parameters  upon  which  it  depends: 


%  =  (n* 


i) 


x  106  =  0. 


378125  +  0.00214140 
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[1  +  (1.049  -  0. 
1  +  0. 0C 


0157t)  P  x  10 
00366lt 


+  0.000017930" 

-6 


] 


(0.0624  -  0.  00068  O'  )  e 
1  +  0.  00366lt 

(B-6) 


where  P  is  the  total  air  pressure  in  mm  of  Hg 

t  is  the  temperature  in  degrees  Centigrade 

e  is  the  water  vapor  pressure  in  mm  of  Hg 

0‘  is  the  reciprocal  of  the  vacuum  wavelength 
in  microns  . 

This  formula  applies  to  air  containing  0.03%  CO^  whose 
pressure  lies  between  720  and  800  mm  of  Hg  and  whose  temperature 
is  between  10°  and  30°C.  It  is  valid  for  the  range  of  wavelengths 
from  0.4358  to  0.6438  microns  and  forms  the  basis  for  the  correction 
procedure  presently  suggested  by  the  AGA  Company  for  use  with 
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Geodimeters. 

It  should  be  noted  that  the  equation  can  be  written  in  the 

i 

form: 


^Dispersion  Relationship  ^Density  Factoi] 
+  ^Water  Vapor  Correction  Termj 


(B-7) 


The  dispersion  relationship  contains  the  dependence  upon 
wavelength  and  the  density  factor  the  dependence  upon  air  pressure 
and  temperature. 

Since  1939*  considerable  effort  has  been  directed  toward 
obtaining  more  experimental  data  and  better  mathematical  repre¬ 
sentations.  It  turns  out  however,  that  the  Barrell  and  Sears 
density  factor  and  water  vapor  correction  term  are  still  the  most 
widely  accepted  mathematical  relationships  covering  these  aspects 
of  index  variation.  In  the  case  of  the  dispersion  relationship,  an 
improved  formula  has  been  developed  by  Edlen.(l6)  This  formula  is 
included  in  the  following  expression  for  the  refractivity  of  standard 
air  which  he  published  in  1951: 

N  =  64.328  +  29^9Q;.1  +  .  (B-8 

*  146  -  <T  41  -  O' 


Standard  air  is,  by  definition,  dry  air  containing  0.  03%  by 

volume  of  CO,  at  normal  pressure  (760  mm  Hg  at  0°C  and 
4  2 

g  -*  980.665  cm/sec  )  and  a  temperature  of  15 °C.  When  the 
Barrell  and  Sears  density  factor  for  standard  conditions  is  divided 
out  of  the  constants  64.328,  29498,1  and  255.4,  we  obtain  the 
following  expression: 

Edlen  Dispersion  Relationship  = 

0. 354288 

+  - T 

41-0- 

(B-9) 


0.0892351  + 


40.9194 
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When  the  dispersion  relationship  portion  of  Equation  (B-6) 
is  replaced  by  that  of  Equation  (B-9)»  the  following  formula  results: 


N*  =  <n 


0. 


<i> 


1)  x  10  = 


0892351  +  4°’  ?194 ■■  + 

146  -  (T* 


,  1  +  (1.049  -  0 
1+  0. 0036 


01 5  7t )  P 
003661t 


(0.0624  -  0.000680  O'  )e 
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. 354288  I 

41  -  G  2  J 
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(B-10) 


This  formula  is  widely  accepted  as  the  most  accurate  ex¬ 
pression  available  and  it  will  be  used  whenever  the  phase  quantities, 

n,  and  N,,  are  required. 

9  9 

It  was  pointed  out  earlier  that  in  most  practical  cases  the 
group  refractive  index  must  be  used  and  Equations  (B-4)  and  (B-5) 
indicate  how  it  may  be  obtained  from  the  expression  for  the  phase 
refractivity.  The  group  relationship,  corresponding  to  Equation 
(B-10)  is  given  by: 


=  (nG  -  1)  x  106 

2  2 
0.0892351  +  40.9194  14°  *  %  >  +  0.  354288  -41  *  a  - 

(146  -  0  )  (41  -  0"  ) 


P 


1  +  (1.  049  -  0. 0157  t)  P  x  10 
1  +  0. 00366lt 

(0.0624  -  0.00068  O’2  )e 
1.  0  +  0.  003661  t 


(B  - 11 ) 


This  formula  will  be  used  to  calculate  the  group  quantities, 
n^  and  N^.,  whenever  they  are  required.  It  should  be  emphasized 
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that  for  Equations  (B-10)  and  (B-ll): 


P  =  total  air  pressure,  in  millimeters  of  mercury  (Hg) 

i 

t  =  temperature  in  degrees  centigrade 
e  =  water  vapor  pressure  in  millimeters  of  mercury 

( T  =  1  /X  =  the  wave  number 

X  =  average  vacuum  wavelength  of  the  transmitted 
radiation  in  microns. 

Both  equations  provide  values  of  N  which  are  accurate  to  better 
than  -0.1  for  air  containing  0.03%  by  volume  of  carbon  dioxide,  for 
wavelengths  between  0.4358  and  0  6438  microns,  air  pressure  between 
720  and  800  mm  of  Hg  and  temperature  between  10°  and  30° C.  These 
limitations  are  not  serious  except  for  temperature,  where  for  outdoor 
measurements  the  value  is  often  below  10#C  (50°  F).  The  above  for¬ 
mulas  are  recommended  as  the  best  available  for  use  in  this  region 
also,  although  no  experimental  verification  of  their  accuracy  is  known 
to  exist.  When  maximum  accuracy  is  required,  measurements  should 
be  made  for  temperatures  between  10°  and  30° C. 

Of  course,  high  accuracy  in  the  determination  of  n  requires  that 
wavelength,  temperature,  pressure,  etc.  be  known  with  sufficient 
accuracy.  To  get  an  idea  of  what  sort  of  accuracy  is  required  in  the 
determination  of  these  quantities,  let  the  error  in  n^.  be  expressed  as: 


An, 


ANg  x 


10 


-6 


"8NG 

9t 


At  + 


9Ng 

0P 


AP  + 


9e 


Ae  + 


8NG 

9X 


X 


AX  x  10 


-6 


(B-12) 


where 


AnG 

At 


the  error  in  group  refractive  index. 

the  error  in  the  determination  of  the  temperature 
at  a  given  point  along  the  ray  path. 
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AP  =  the  error  in  determination  of  the  total  air  pressure 
in  mm  of  Hg. 

Ae  =  the  error  in  the  determination  of  the  water  vapor 
pressure  in  mm  of  Hg. 

AX  =  the  error  in  the  determination  of  the  effective 
wavelength  of  the  radiated  signal  in  microns. 

and  the  errors  are  assumed  to  be  sufficiently  small.  Also,  let 

the  following  typical  values  for  the  pertinent  quantities  be 

assumed: 

P  =  760  mm 

t  =  20°C 

e  =  10.4  mm  (  60%  Relative  Humidity) 

X  =  0.6328  microns 

The  graphs  of  Figures  B1-B5  then  indicate  the  values  of 

the  various  partial  derivatives  included  in  Equation  B-12.  Special 

9N 

mention  should  be  made  of  the  method  for  evaluating  G  This 

8t 

quantity  will  consist  of  the  sum  of  two  terms,  one,  obtained  from 

Figure  (B-l)  is  due  to  the  density  factor  and  the  other,  obtained 

from  Figure  (B-2),  is  due  to  the  water  vapor  correction  term.  A 

9N 

similar  situation  occurs  for  G  where  contributions  from  both 

ax 

the  dispersion  relationship  and  the  water  vapor  correction  term 
exist.  The  latter  quantity  may  be  neglected,  however,  because 
of  its  small  size.  When  the  values  of  the  derivatives  are  substituted 
into  Equation  (B-12),  we  obtain.* 

AnQ  =  [-0.965  At  +  0.  368  AP  -0.053  Ae  -  34  A  x]  x  10' 

(B-13) 


In  terms  of  standard  deviations,  C,  Equation  (B-13)  may  be 
expressed  as: 


0 r 


n. 


[ 


(0-  956)2  0t2  +  (.368)20’p2  +  (.053)20e2  +  (34)2 


n  211/2 
UX 

-1  (B- 


10 

14) 


-6 
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Figure  B-l  Partial  Derivative  of  the  Optical  Refractivity  with  Respect 
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Figure  B-2  Partial  Derivative  of  the  Optical  Refractivity  with  Respect 
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Figure  B- 3  Partial  Derivative  of  the  Optical  Refractivity  with  Respect 
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Figure  B-4  Partial  Derivative  of  the  Optical  Refractivity  with  Respect 
to  Water  Vapor  Pressure 


PARTIAL  OF  N.  WITH  RESPECT  TO  WAVELENGTH  IN  UMTS  OF  (MICRONS) 


Figure 


where  At,  AP,  Ae  and  A  X  are  assumed  to  be  independent  and  have 
zero  average  values. 

A  study  has  been  carried  out  to  determine  how  small  each 
of  the  error  terms  can  be  made  without  resorting  to  excessively 
complicated  and  expensive  instrumentation.  Typical  values  were 
found  to  be 

at  =  0. 05 0  C 

0p  =  0.10  mm  of  Hg 

0  =1.0  mm  of  Hg 

e  -4 

0.  =  10  microns 
A 


When  these  values  are  substituted  into  the  above  equation 


we  get: 


0  =  2 
nG  L 


23.28  x  10~4  +  13.54  x  10"4  +  28.09  x  10-4  +  0.116  x  10 


3 17 


2xl0-6 


=  0.0806  x 10 


-6 


(B-15) 


If  Gaussian  distributions  with  zero  means,  are  assumed  for 

all  of  the  errors,  then  it  can  be  said  that  for  68%  of  all  determinations 

An„  will  be  less  than  0.  0806  x  10  ^ .  In  95%  of  all  cases  the  error 

_  / 

will  be  less  than  0. 161  x  10'  . 

An  examination  of  the  various  factors  contributing  to  An^, 
indicates  that  the  temperature  and  pressure  measurements  are  the 
most  critical.  If  maximum  accuracy  is  required,  as  for  example 
while  calibrating  a  standard  baseline,  then  the  use  of  sophisticated 
temperature  and  pressure  measuring  systems  would  be  necessary. 

In  such  a  case,  the  standard  deviation  of  these  measurements 
probably  could  be  reduced  to  values  somewhat  below  those  listed 
above,  thereby  decreasing  the  error  in  n^- 

Once  the  refractive  index  has  been  determined  at  many 
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points  along  the  ray  path,  it  then  becomes  necessary  to  determine 
the  average  value.  The  best  way  to  do  this  is  to  assume  that  the 
index  varies  in  a  linear  manner  between  the  sample  points  and  to 
calculate  an  average  based  on  this.  If  the  samples  are  taken  at  M 
equally  spaced  points  along  the  line,  including  the  ends,  then  the 
average  is  given  by: 


n 


1 

M-l 


n. 


+ 

1 


+ 


M-l 


£ 


"m 


(B-16) 


where  n^  and  n^  are  the  values  obtained  at  the  two  ends  of  the  line 
and  n  is  the  refractive  index  averaged  with  respect  to  distance. 


3.  Determining  the  Refractive  Index  of  the  Atmosphere  at  Radio 
and  Microwave  Frequencies 

In  the  microwave  and  radio  frequency  ranges,  the  refractive 
index  of  the  atmosphere  is  a  constant,  independent  of  frequency. 
Therefore  the  group  and  phase  indexes  are  the  same  and  it  is  not 
necessary  to  make  any  distinction  between  them 

Several  means  for  measuring  the  refractive  index  are 
possible  with  the  most  accurate  devices  making  use  of  small 
resonant  cavities.  Such  devices,  known  as  refractometers,  are 
physically  large,  expensive  and  there  is  no  real  assurance  that  the 
atmosphere  within  the  cavity  is  typical  of  that  in  the  neighborhood 
of  the  device.  Furthermore,  the  size  of  this  device  is  such  that 
its  presence  can  result  in  undesirable  temperature  gradients. 

As  in  the  optical  case,  an  alternative  technique  consists  of 
measuring  the  temperature,  pressure  and  constituents  of  the 
atmosphere  and  then  calculating  the  effective  index  by  means  of  an 
appropriate  formula.  Through  the  years  a  number  of  formulas 
have  been  developed  for  making  such  a  determination  and  one  was 
adopted  by  the  International  Association  of  Geodesy  in  I960.  This 
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expression,  developed  by  Essen  and  Froome,  may  be  written  as: 


N  =  (n-l)xlO6  =  Pd  + 


86.26 


[■* 


57481 
T 


J 


e 


(B-17) 


where  n  =  is  the  refractive  index  of  the  atmosphere 

=  the  dry  air  pressure  in  millimeters  of  mercury 

e  =  the  water  vapor  partial  pressure  in  millimeters 
of  mercury 

T  =  the  temperature  in  degrees  Kelvin. 


This  formula  will  be  used  to  determine  the  radio  refractive 
index  whenever  it  is  required. 

It  should  be  mentioned  that: 


P  =  Pd  +  e 

where  P  is  the  total  air  pressure  measured  with  a  barometer. 

Equation  (B-17)  is  a  simplified  version  of  the  more  complete 
formula: 

n  =  (n-i)x  106  =  ±2M22d  +  iMTh  .  (B-ie> 

where  P  is  the  CO.  partial  pressure  in  mm  and 

C  Ct 

P=  P  +  P.  +  e 
c  d 

When  using  Equation  (B-17)  the  carbon  dioxide  term  is  ignored 
and  the  pressure,  P^,  actually  includes  the  CO^  component.  The 
same  result  would  be  obtained  if  the  177.4  factor  in  Equation  (B-18) 
were  changed  to  103.49.  This  would  produce  a  42%  change  in  the 
magnitude  of  the  CC^  factor.  To  get  an  idea  of  the  effect  of  using 
Equation  (B-17)  rather  than  Equation  (B-18),  consider  the  following 
statistics  concerning  the  composition  of  the  atmosphere  (exclusive 
of  water  vapor)  (17)  : 
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Constituent 

Nitrogen 

Oxygen 

Carbon  Dioxide 


Content  (percent  by  volume) 
78,084  +  0.004 
20.946  +  0.002 
0.003  +  0.001 


For  a  temperature  of  15  °C  and  P  =  760  mm,  the  CO^ 
pressure,  P  ,  would  be  approximately  0.25  mm  and  the  CO,  term 
in  Equation  (B-18)  would  be  approximately  0.154.  If  Equation 
(B-17)  were  used  instead,  with  the  CO^  pressure  being  included 
in  the  dry  air  term,  the  difference  in  N  would  be  0.  064.  For  the 
purposes  of  this  study,  such  a  difference  is  negligible  and  there¬ 
fore  the  simpler  form  of  Equation  (B-17)  will  be  used. 

A  significant  question  at  this  point  is:  "How  accurate  is  the 
Essen  and  Froome  formula?  11  Unfortunately,  the  amount  of  experi¬ 
mental  evidence  available  to  verify  this  expression  is  not  large. 
Through  the  years  the  index  has  been  measured  using  several 
different  techniques  and  the  results  have  shown  considerably  more 
variation  than  was  found  in  the  optical  region.  Table  (B-l)  contains 
some  of  the  values  which  have  been  obtained.  Some  of  the  measure¬ 
ments  were  actually  made  under  different  conditions  of  temperature 
and  pressure  and  the  results  reduced  to  standard  conditions  for 
comparison.  The  third  column  indicates  the  value  of  N  for  dry  air 
at  0°C  temperature  and  760  mm  of  pressure  and  the  fourth  column 
the  value  of  N  for  an  atmosphere  of  pure  water  vapor.  In  both 
cases,  no  carbon  dioxide  was  present. 

Examination  of  the  table  shows  that  the  experimental 
results  for  dry  air  differ  by  as  much  as  15  N  units,  with  most  values 
being  close  to  288.099,  the  value  obtained  using  Equation  (B-17) 

(the  first  item  in  the  table).  On  the  basis  of  the  data  it  is  con¬ 
cluded  that  the  formula  is  probably  accurate  to  about  one  part 
in  10^  when  used  to  determine  the  refractive  index  of  air  containing 
water  vapor.  This,  of  course,  assumes  that  there  is  no  significant 


9 


-  204  - 


TABLE  B - 1 


i 

EXPERIMENTAL  VALUES  FOR  RADIO  REFRACTIVE  INDEX 


Author  or  Source 

Frequency 

mhz 

Year 

0*C,  760mm 

(n  .  -I)xl06 
'  air 

T=20°C,  10mm 

(n  -l)xl06 
'  w 

Essen  and  Froome  Formula 

288. 099 

60.699 

Sanger 

1.0 

1930 

62.7 

Watson 

0.5 

1934 

288.2 

Stranathan 

0.5 

1935 

61.  3+  0.4 

Hector  and  Woernley 

1.0 

1946 

283.7 

Crain 

9000 

1948 

286 

61.3 

Lyons,  Birnbaum,  and  Kryder 

9000 

1948 

288.7 

Phillips 

3000 

1950 

299.2 

62.  4 

Birnbaum,  Kryder,  and  Lyons  9000 

1951 

287.9  +  0.7 

Essen  and  Froome 

24,  000 

1951 

288.15+  0.10 

60.7+0.1 

Barrell 

1951 

287.8+  0.1 

Hughes  and  Armstrong 

3000 

1952 

284.7+  2.0 

Essen 

9000 

1953 

288.2+  0.1 

60.7+  0.2 

Saito 

9000 

1955 

287.2+  1.25 
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error  in  the  determination  of  P ,,  e  and  T. 

d 

It  turns  out  however,  that  in  practice  the  errors  in  P^,  T 
and  especially  e  are  often  far  from  insignificant.  If  one  takes  * 

partial  derivatives  of  Equation  (B-17)  the  following  results  are 

obtained  at  P  =  760  mm,  and  e  =  10mm  *• 


8  N  _ 

8  e 

5.92 

8  N 

9Pd  ' 

0.  36 

(B-19) 

8  N 

«T  rr  “ 

-1.15 

If  the  standard  deviations  of  the  errors  in  measuring  the  atmospheric 
quantities  are  given  by: 

(Tt  =  0. 05*C 

<T  =  0. 2  mm  of  Hg  (B-20) 

*d 

O'  =  0.  3  mm  of  Hg 

© 

then,  as  in  the  previous  section,  we  may  write  that  the  standard 
deviation  of  the  error  in  determining  n  (C^)  is  given  by: 

1 1/2 

(1.15)2  0-T2  +  (0.36)2  0-p^2  +  (5.92)2  (T*\  x  10"6 

=  1.77xl0"6  (B-21) 

=  1.77  N  units 

It  is  obvious  that,  under  the  conditions  described  here,  the 
average  radio  refractive  index  along  a  baseline  cannot  be  computed 
with  an  error  whose  standard  deviation  is  less  than  one  N  unit  even 


* 
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if  Equation  (B-17)  is  completely  accurate.  In  fact,  it  appears  that 
errors  of  two  or  more  N  units  are  possible  especially  when  one 
considers  that  the  quantities  are  not  measured  at  every  point  along 
the  ray  path,  but  rather  are  sampled  at  discrete  points.  The  values 
of  the  index  calculated  at  these  points  are  combined  statistically  in 
the  manner  described  in  the  previous  section  to  obtain  the  average 
for  the  ray  path. 

When  sections  2  and  3  of  this  appendix  are  considered,  it 
is  found  that  the  atmospheric  limitations  which  normally  exist  are 
such  that  electromagnetic  distance  measurements  made  using  optical 
wavelengths  can  be  about  ten  times  as  accurate  as  the  best  micro- 
wave  measurements.  It  is  for  this  reason  that  all  new,  highly 
accurate  distance  measuring  devices  operate  in  the  visible  region. 

4.  APPLICATION  OF  REFRACTIVE  INDEX  FORMULAS 

The  sort  of  correction  which  must  be  applied  to  measure¬ 
ments  made  with  a  particular  electromagnetic  instrument  depends 
upon  the  manner  in  which  the  device  was  originally  calibrated.  For 
example,  assume  that  the  equipment  was  calibrated  such  that  it 
produces  an  accurate  indication  of  the  distance  when  operating  in  a 
vacuum.  When  used  in  the  atmosphere  the  equipment  will  provide 
a  distance  measurement,  denoted  by  S,  which  is  related  to  the  true 
distance,  D,  by  the  equation: 

D  =  (B -22) 

n 

where  n  =  1  +  N  x  10”^  and  N  is  the  average  of  the  values 
obtained  using  either  Equation  (B-10),  (B-ll)  or  (B-17)  depending 
upon  the  characteristics  of  the  transmitted  radiation.  Most  practical 
devices  transmit  a  multi-frequency  signal  therebye  requiring  the  use 
of  the  group  refractive  index  given  by  either  Equation  (B-ll)  or  (B-17). 


1 


For  another  device,  assume  that  calibration  has  been 
carried  out  in  such  a  way  that  accurate  distance  measurements  are 
produced  for  t  -  tQ  8C.,  P  =  Pq  mm  of  Hg  and  e  =  e^  mm  of  Hg. 
In  this  case  the  relationship  between  the  measured  value  and  the 
correct  value  is  given  by: 


D 


S  n<V  Po'  e0> 

"n- 


(B-23) 


Here  also  the  indexes  may  be  either  the  group  or  phase  values 
depending  upon  the  characteristics  of  the  transmitted  radiation. 


i 
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